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Abstract
Structural alloys find use in a wide variety of areas; depending on the area of application these
alloys can be subjected to considerably harsh environments. In this study the mechanical behavior
of structural alloys of interest and the effect of fire damage on material properties was investigated.
Face centered cubic aluminum alloys AA6061 and AA5083, and hexagonal closed packed titanium
alloy Ti-6Al-4V find applications in marine environments and in the aerospace industry. These
alloys perform in circumstance where fire outbreaks commonly occur. Understanding of residual
mechanical properties of structural materials and characterization of changes induced by fire
damage are needed to accurately estimate life of structural components. Mechanical properties of
undamaged materials were characterized using non-invasive diffraction tools (neutrons and xrays); additional techniques such as digital imaging correlation and microscopy were employed to
complement diffraction data. Samples were subjected to fire damage and material strength
reduction was quantified. Mechanical testing involved tensile, torsional and combined
tension/torsion loading measurements. Due to the source aluminum material, samples had a
rectangular cross section; this introduced non-uniform stress/strain distributions during torsion and
combined loading tests. Results show significant strength reduction in aluminum alloys due to
recrystallization, grain re-orientation and loss of strengthening mechanisms. Neutron diffraction
was found to be a useful tool in understanding deformation and yielding mechanisms. For
structures in the field such as naval structures, a non-reactor based neutron diffractometer for stress
measurements could be critical to rapidly assess state of damaged components. One of the main
steps towards achieving a compact, portable diffraction instrument for bulk stress measurements
is the development and integration of an appropriate detector. The detector of choice was an
ANGER logic, scintillator-based detector capable of pulse shape discrimination to reduce effects
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of high background environments. Development is similar to what is required for a conventional
neutron diffraction instrument. Components such as shielding, and slits have to be designed and
detector operation has to be calibrated to accurately quantify acquired data. Instrument design and
operation was successful. Data analysis showed high two-dimensional resolution; future work will
aim at recording and quantifying strain induced diffraction peak shifts.
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CHAPTER 1: INTRODUCTION

1

Structural Alloys
Structural alloys find use in a wide variety of areas. Depending on the area of application these
alloys can be subjected to considerably harsh environments. In this study we look at the behavior
of structural alloys of interest and the effect of fire damage on material properties. In addition, we
investigate method developments for characterizing materials by imaging and diffraction using a
portable two-dimensional detector. The alloys in this study are the aluminum alloys AA6061 and
AA5083, and the titanium alloy Ti64. As a start, to obtain reference data, the mechanical properties
of these alloys will be evaluated. With mechanical testing the aim is to study and understand
yielding mechanisms associated with material failure. The alloys are then subjected to fire damage
and material strength reduction is quantified by a variety of methods. Some metals such as
aluminum and titanium, are desirable to be used for structural applications due to their light weight
among other favorable characteristics. However, in their pure form they have medium to low yield
stress and easily undergo plastic deformation. They have little value for structural purposes in their
pure form.
Aluminum
Physicist Hans Ørsted was the first to successfully isolate the aluminum element in 1824.
Aluminum has an atomic mass of 13, is conductive, nonmagnetic, and melts at 660 ˚C (1220˚F).
With a density of 2.7 g/cm3, it is three times lighter than copper and about two and a half times
lighter than iron. Its crystal structure is face-centered cubic (FCC). Aluminum is the most abundant
of metals. Because of its reactivity it naturally appears in compounds of various forms; it can be
isolated by a series of chemical and electrolytic processes. Due to initial production difficulties
aluminum was more expensive than silver and gold. With growing interest in the scientific
community, more efficient methods for aluminum production were developed. The newly
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discovered metal was desirable for its light weight, easy workability and high thermal and
electrical conductivity. The only unattractive characteristic of aluminum was its low strength. In
crystalline metals, atoms arrange themselves in a regular crystal structure defined by the unit cell.
Ideally a crystal is perfect, but in reality, defects are present. Defects are due to a lack or excess of
atoms in the ordered structure. Defects are known as dislocations and their presence introduces
tensile or compressive strain fields. Plastic deformation occurs when a dislocation is able to move
through the lattice. For a pure material consisting only of, for example, aluminum atoms, it is fairly
easy for dislocations to travel through the lattice hence plastic deformation occurs at low levels of
applied stress. In attempts to improve the metal’s strength, alloys composed of aluminum, copper,
magnesium and manganese were developed. As a by-product of these alloying experiments,
natural aging was also discovered. With improvements in production techniques and advances in
material strength due to alloying, aluminum began to take over in the fields of aviation,
transportation, marine applications and construction [1].
Titanium
Titanium was first discovered in the late eighteenth century by British minister and mineralogist
William Gregor. A few years later, German chemist Martin Heinrich Klaproth was responsible for
naming the element. Both scientists found the element in oxide forms. It was not until 1910 that
Titanium was successfully isolated in its elemental form by metallurgist Matthew Albert Hunter
from New Zealand. Titanium has an atomic mass of 22, it is paramagnetic and possesses fairly low
electrical conductivity; its melting temperature is 1668 ˚C however, due to its high reactivity, it
burns in normal atmosphere at temperatures below its melting point. It has a density of 4.506 g/cm3
making it one of the heaviest non-ferrous light metals. Titanium is abundant in nature but is
practically never found in its pure form and its oxides generally occur in low concentration making
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processing and the metal itself expensive. Pure titanium is extracted using the Kroll and Hunter
processes [2, 3]. Titanium is valued for its high strength to weight ratio and corrosion-resistant
properties; it preserves strength at relatively high temperatures and furthermore it is nontoxic and
compatible with biological materials. Titanium and its alloys find use in several fields ranging
from aerospace and marine industries to medical and jewelry applications.
Strengthening Mechanisms
There exist several ways of strengthening a material and thus increase the yield stress. Some of
these are grain refinement, solid solution hardening and precipitation (or particle) hardening.
Grain Refinement
Grain boundaries inherently constitute an obstacle to dislocation movement due to the fact that the
slip plane and direction along which the dislocation is moving is disrupted by the lack of ordered
structure at the boundary. If a dislocation crosses the boundary and enters an adjacent grain, it can
safely be assumed that the orientation in the new grain is different hence the same load that caused
slip in the first grain may not be sufficient to activate slip in the new grain. Given that grain
boundaries constitute obstacles to dislocation movement, refining the grain structure to reduce the
average grain size can significantly improve material strength.
Solid Solution Hardening
A foreign species can be added to a parent material to achieve strengthening. If the new atom is
similar in size, it occupies an atomic site replacing the original atom and such an atom is known
as a substitutional atom; if the introduced atom is much smaller than the original species, it
occupies empty spaces available in the crystal structure and is known as an interstitial atom. The
size difference gives rise to tensile or compressive fields around the solute atom. The stress/strain
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fields generated by the alloying atoms interact with the stress fields of the dislocations moving
through the lattice and impede dislocation motion. These mechanisms are illustrated in Figure 1(a).
The stress fields due to size difference alone, however, are not sufficient to account for all
strengthening effects. The relative valence of solute atoms to solvent matrix also plays an
important role in alloy strengthening [4]. Solute atoms do not only raise the alloy yield point but
influence the entire stress-strain curve behavior, so it can be inferred that their role in affecting
dislocation motion is also due to a frictional effect rather than being solely due to dislocation
pinning [5]. Solute atoms interact with dislocations through various mechanisms:
•

Elastic interaction: This is the interaction that occurs between the stress fields of the
substitutional solute atoms and the dislocations; it impedes edge dislocation motion.
Interstitial solutes can interact with both edge and screw dislocations.

•

Modulus interaction: This occurs when the solute atom changes the shear modulus of the
crystal.

•

Stacking-fault interaction: Solute atoms migrate and segregate to stacking faults in
extended dislocations. With increasing solute concentration, the stacking fault energy is
reduced and separation between partial dislocation increases making their motion more
difficult.

•

Electrical interaction: Difference in valence between solute and solvent atoms gives rise
to a charge concentration around the solute atom site. This leads to electrical interaction
with dislocations possessing electric dipoles. This is a relatively weak interaction, but it is
significant when the valence difference is sufficiently large.
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Figure 1: Illustration of (a) Solid solution strengthening mechanisms and (b) Precipitation
hardened material
•

Short-range order interaction: Solute atoms have the tendency to either isolate themselves
(having as many dissimilar neighbors as possible) or cluster with other solute atoms. Either
way a local order is established. A dislocation moving through a short-range order region
will upset this order increasing the alloy energy thus hampering overall dislocation motion.

•

Long-range order interaction: When solute atoms are dispersed in the solvent matrix a
long-range order super lattice can be established if the intervals between solute atoms are
regular. A dislocation moving through such an alloy can distort the superlattice structure.
Long-range order interaction is quite complex but in short, superlattice distortion also
contributes to hindering dislocation motion.

Precipitation Hardening
Precipitation hardened alloys are constituted by a ductile matrix and distinct, but coherent, second
phase particles dispersed throughout the matrix. Alloying elements are distributed in solid solution
at elevated temperatures but precipitate to form second phase particles upon quenching and aging
at a lower temperature; precipitates are coherent with the matrix. A precipitation hardened material
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is schematically represented in Figure 1. To achieve precipitate formation, solute atoms have to
display reduced solubility with decreasing temperatures. Under these conditions, clustering and
particle growth is favored. Quenching causes solute segregation and clustering; with additional
aging, ordered larger clusters further strengthen the material and the precipitates are formed.
Precipitation hardening is achieved by saturating a metal with chosen solute atoms at a high
temperature and then aging the alloy at a lower temperature (below melting) where solute atoms
coalesce and form particles of a distinct phase (this phase may contain solvent atoms as well)
dispersed in the lattice. Excessive aging leads to precipitate growth beyond optimum size and loss
of coherency with the matrix and decrease in strength of material. Strengthening of alloy by
precipitation hardening depends on several factors such as particle shape and size, precipitate
volume fraction, and average distance between particles. Strain fields from these particles again
leads to hindered dislocation movement. Factors such as particle size and average distance between
precipitates are important in achieving optimum strengthening. Multiple strengthening
mechanisms can occur simultaneously in an alloy, although generally one will be dominant over
the others.
Aluminum Alloys
Aluminum alloys can be largely divided into two main categories: wrought alloys and cast alloys.
Wrought alloys, by various forms of mechanical work (hot or cold working/rolling) and/or heat
treatments, are shaped to the desired form. Generally, these are plates, sheets, foils and extrusions.
Cast alloys allow for more complex three-dimensional shapes to be achieved however the finished
product generally exhibits lower mechanical properties compared to its wrought counterpart [6].
The Aluminum Association makes use of a 4-digit number system to classify wrought and cast
alloys. The first digit is based on the principal alloying element while subsequent digits can stand
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for different allying percentages, mechanical, electrical and chemical properties [3]. Throughout
these studies we will focus on wrought alloys; below the nomenclature and main characteristics
for wrought alloys are briefly illustrated:
•

1xxx: 99% or higher purity aluminum. These basically pure aluminum alloys are
characterized by high electrical and thermal conductivity. They are mostly used in the
electrical and food/chemical industries.

•

2xxx: Copper is the main alloying element. Due to their high strength (yield strength of
over 450 MPa) these alloys find applications in the aviation industry. Their corrosion
resistance is not very high, so they are often coated with different aluminum alloys to
achieve desired resistance to corrosion.

•

3xxx: Manganese is the primary alloying element. These are general purpose alloys with
good strength and workability.

•

4xxx: in these alloys, silicon is added to lower the overall melting point. These alloys are
used for welding applications.

•

5xxx: Magnesium is the primary alloying element in this series. These alloys are known
for their high corrosion resistance and good weldability. They find use in construction of
marine structures.

•

6xxx: Magnesium and Silicon are the main alloying agents. Good strength, corrosion
resistance and ease of workability make these alloys a preferred choice for the automotive
industry.

•

7xxx: Using primarily Zinc with a magnesium contribution, this aluminum series consists
of heat treatable, high strength alloys. With yield strength exceeding 500 MPa these alloys,
like the 2xxx series, are also used in the construction of aircraft structural components.
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•

8xxx: This series comprises of various alloys with specific compositions of less commonly
used alloying elements such as iron, lithium or tin.

•

9xxx: This category is reserved for future use.

The aluminum alloys of interest in this study are the 6061 and 5083 alloys.
For the 6061 aluminum alloy, the principal alloying elements are magnesium and silicon. In this
case fine Mg2Si precipitates are formed providing increased strength while maintaining overall
workability. In the 6061 alloy, these precipitates exceed 1.5% of the total weight. Aluminum 6061
lends itself to various working techniques including heat treated sheets, plates, cold finished rods,
bars and wires, drawn tubes and forgings.
On the other hand, AA5083 is a solid solution strengthened alloy; magnesium as an alloying agent
tends to precipitate at the grain boundaries in the form of Mg5Al3 or Mg5Al8. Magnesium increases
stress without excessive decrease in ductility. Aluminum 5083 can be cold worked in the form of
Sheets, plates, extruded rods, extruded shapes, extruded tubes, and forgings. AA5083 finds use in
marine structural applications, pressure vessels and in general where good mechanical properties
combined with corrosion resistance are required.
Titanium Alloys
Titanium naturally occurs in a Hexagonal Closed Packed (hcp) crystal structure (a phase) however
it undergoes an allotropic transformation above a transus temperature of about 885 ˚C. The new
phase displays a body centered cubic (bcc) structure known as b phase. It is possible to obtain
different mechanical properties depending on the relative amount of a and b phase present in
titanium. The main effect of alloying elements is to favor growth and stability of one of the two
phases by raising or lowering the transus temperature. Aluminum is the principal a stabilizer while
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Vanadium, Molybdenum, Chromium and Cobalt (among others) act as b stabilizers. Titanium
alloys are generally divided into: a, near a, a+b, and b alloys.
• a alloys: these alloys possess good strength, creep resistance and ductility. They are used
for high and low temperature applications.
• near a alloys: these alloys have minimal amounts of b phase and basically behave like a
alloys. They benefit from high strength traits of a+b alloys and find use in high temperature
applications
• a+b alloys: With these alloys it is possible to control the amount of b phase present and
hence the overall mechanical behavior. Introducing solute atoms controls the a to b ratio.
further treatment by aging at given temperatures controls development of microstructure
allowing fine dispersion of new a phase in the b microstructure. They have high strength
at room temperature and good fabricability [3, 7].
• b alloys: b alloys with very high strength have been developed. They have good forgeability
and lend themselves to cold-rolling however they are not as resistant to creep and have
lower ductility (in aged condition).
Material Loading And Mechanics
Understanding the mechanical response of materials is of great importance for their
implementation in load bearing structures. Even with proper structural design that accounts for
cyclic loading it is important to understand how life time and performance of structures can be
affected by catastrophic events such as fire exposure. In depth study of materials’ response to
complex loading conditions and the effect of these conditions on the microstructure will provide a
framework for modeling and predicting structure behavior. Comparison of similar alloys and
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assessment of slight difference in their behavior can help optimize material selection for specific
purposes.
Fire Exposure
Temperature in a material depends on (1) thermal conductivity, (2) density and (3) specific heat
[8]. With increased use of aluminum as a main structural element it is important to understand its
behavior with exposure to fire and the implications for mechanical properties, their degradation
and the performance of structural components. When compared to steel, which aluminum
generally replaces, aluminum heats faster due to its low thermal capacitance and high thermal
conductivity [8]. These characteristics also help diffuse heat faster from a heat concentration
location. Various studies have investigated the mechanical performance of a number of aluminum
alloys under thermal exposure at different temperatures. Amdahl et al [9] studied aluminum
AA5754 and AA5083 plate girders loaded in shear; their behavior and degradation of properties
was explored at high temperatures (170 – 225˚C). Chen et al [10] researched creep damage
evolution of AA5083 to evaluate material response in case of fire. Experiments were carried out
at a temperature of 400˚C and selected stress levels. The creep damage evolution was evaluated
by interrupting tests at target strain elongations and damage was assessed by TEM and SEM
Microscopy. It was found that creep damage promoted cavity formation at grain boundaries and
creep plasticity became dominant in cavity growth. Microstructure evolution with grain elongation
was found to counter the degradation caused by cavity formation and growth. Summers et al [11]
provide an overview of behavior during and subsequent to fire. Studies revealed AA5083 was
more susceptible to creep damage than AA6061. Tests included high temperature and post-fire
mechanical loading to evaluate material properties. Decrease in yield strength is attributed to
recovery and recrystallization. Clausen et al [12] cut AA5083 samples from rolled plates were
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tested in uniaxial tension until rupture at varying temperatures ranging from room temperature to
500˚C. samples were cut with different notched shapes testing various degrees of tri-axiality.
Notch shape was found to greatly affect dynamic strain aging. Other high temperature tests were
carried out on AA5083 and AA6060 alloys for the development of constitutive models [13]. Chen
et al [14] investigated post-fire mechanical properties of two structural alloys of interest (AA6061
and AA7075). This study focused on the influence of cooling methods on the mechanical
properties of these alloys. For these studies conventional measuring techniques were used
(extensometry, MTS systems). These methods of investigation give insight into the macroscopic
behavior of the materials under study. Microscopy can be used for analysis of microstructure and
its development, but it is usually time consuming and successful sample preparation can entail a
high degree of difficulty. In addition, microscopy work is done ex-situ and it is possible to
inadvertently introduce spurious strains in the sample. The non-invasive probing mechanism of
neutron diffraction can overcome some of these challenges. In the following sections we will give
an overview of the mechanics background for material testing and the set of characterization tools
available for assessment of macro- and micro- mechanical material response.
Mechanics: Tension, Torsion, and Multiaxial Loading
Mechanical tests on aluminum alloys will consist of tensile, torsional and combined
tensile/torsional loading.
The applied load in tension gives rise to a uniaxial tensile stress which depends on the samples’
7

cross-sectional area A. Simply 𝜎 = 8 where 𝜎 is the stress in the cross-section and F is the applied
load. Uniaxial tests will generally be carried out at slow deformation rates well beyond plastic
failure. The yield phenomenon is subject to multiple interpretations and is quite complex
depending on materials involved (yield point elongation). We will define yield by the 0.2% percent
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offset yield strength which is at the intersection of the stress-strain curve with a line parallel to the
elastic portion shifted by 0.2% strain.
Torsion tests are conventionally carried out on circular cross-section samples. Under these
conditions shear strains are uniformly distributed on the sample surface. Most samples used
throughout these studies possess a rectangular cross section due to the source material being rolled
plates. Stress and strain distribution in such samples is non-uniform, adding complexity to data
analysis but also providing insight into effect of sample shape on stress concentration. Digital
Imaging Correlation (this technique will be explained in more detail in a later section) will be used
as a tool to evaluate local strain response variation across the sample surface. In a rectangular
cross-section, shear strains vary from a minimum at the corners to a maximum at the mid-point of
the long side (the mid-point of the short side is a relative maximum). Saint-Venant developed a
general solution for the torsion problem in a prismatic member where displacements u, v and w for
an arbitrary point in the planar cross-section (z = constant) go by the following relations:
𝑢 = −𝛽𝑦𝑧

𝑣 = 𝛽𝑧𝑥

𝑤 = 𝛽𝜓(𝑥, 𝑦)

where 𝜓 = 𝜓 (𝑥, 𝑦) is the warping function and 𝛽 is the rate of twist β =

Eq. 1
Bθ
BC

, where the cross-

sectional plane is defined by the x and y axis and z is the axial coordinate (out of plane). Applying
the solution to a rectangular cross-section a suitable warping function satisfying boundary
conditions has been found to be:
∞

(−1)O sinh 𝑘O 𝑥
2 L
𝜓(𝑥, 𝑦) = −𝑥𝑦 + 𝑣 = 4𝑏 H K M
sin 𝑘O 𝑦
(2𝑛 + 1)L cosh 𝑘O 𝑎
𝜋
G

Eq. 2
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From known shear strain expressions:
𝛾[\ =

𝜕𝑢 𝜕𝑤
+
𝜕𝑧 𝜕𝑥

𝛾^\ =

𝜕𝑣 𝜕𝑤
+
𝜕𝑧 𝜕𝑦

Eq. 3

Substituting the values for u, v and w in Eq. 1, the shear stress components can be found to be:
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𝜕𝜓
𝜏^\ = 𝐺𝛽 H + 𝑥K
𝜕𝑦

𝜕𝜓
𝜏[\ = 𝐺𝛽 H − 𝑦K
𝜕𝑥

Eq. 4

And the resultant shear stress is given by:
G + 𝜏G d
τ(x, y) = bc𝜏^\
[\

Eq. 5

Plotting resultant shear stress, shows stress (and hence strain) distribution in the rectangular crosssection while plotting the warping function (Eq. 2) in x, y, z shows expected warping of a crosssection as illustrated in Figure 2. The relationship between applied torque and maximum shear
stress is given by Eq. 6, where b is length of the long side, t is thickness of the short side, T is
torque and α is an empirical parameter obtained from the ratio b/t [15]:
𝜏ef[ =

T
𝛼𝑏𝑡 G

Eq. 6

Simultaneous application of tension and torsion is quantitatively defined by a b parameter relating
tmax and s as shown in the following relationship:
1
Δτ
𝑡𝑎𝑛(2𝛽) =
2
𝛥𝜎

Eq. 7

From Eq. 7 we see that for an axial loading test Δτ = 0 implying 𝛽 = 0˚; on the other hand, for
pure torsion (Δσ = 0), tan(2𝛽) goes to infinity hence 𝛽 = 45˚.
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Figure 2: (a) 3D plot of the warping function 𝝍 (𝒙, 𝒚). (b) 2D plot showing shear stress
distribution and intensity (Blue represents 0 stress, bright yellow maximum stress)
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Digital Imaging Correlation
Digital imaging correlation (DIC) is a technique used to track strains and displacements on a
sample surface in three dimensions. In recent years, fast and affordable tools to evaluate 2D and
3D displacement fields on surfaces of deforming specimens using Digital Image Correlation (DIC)
techniques have been developed and are easily implementable. Full field displacement
measurements from DIC can be used in a variety of ways to check the boundary conditions of the
experimental set-up, and to obtain spatially resolved damage and potential localizations using a
non-contact approach. More details on using the DIC technique to measure displacement can be
found in [16]. It has been demonstrated that use of DIC makes it possible to map full-field strain
data on various materials ranging from heterogeneous and anisotropic PVC foam [17, 18] and
single carbon fiber T700 [19], to homogeneous or heterogeneous metals [20-28]. On specimen
strain mapping by DIC has recently seen significant use in research with applications in
mechanical testing [29-33]. Much of the recent success of DIC can be attributed to greater
computing ability, allowing for more advanced mapping algorithms. Generally, the technique is to
map a single point in space using knowledge from surrounding points. The work presented here
will use the Vic-3D digital image correlation system from Correlated Solutions®. Vic-3D uses a
dual-camera system to measure the shape of an object, displacements, and full-field strains in three
dimensions. The sample surface has to be prepared for strain measurements by the application of
a randomly speckled black pattern on a white background. Once the speckle pattern is applied, the
sample is set up for the experiment and the cameras are carefully focused on the sample surface.
After focusing, the sample is removed and the DIC system is calibrated by means of a standard
pattern of dots of known size and spacing. The calibration pattern is positioned in the focal plane
where the sample surface was, and several images are acquired while the pattern is moved through
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various slightly differing positions (roll, pitch and yaw). A calibration analysis is then run from
these images to precisely establish the position of the cameras relative to each other. The sample
is then placed back in its original position and images are acquired at the desired frequency.
Obtained data gives information on displacements, strains and principal strains. It is a convenient
tool to spatially resolve and quantify stress concentrations.
Neutron Diffraction
Early neutron diffraction studies on steel and aluminum alloys showed the viability of using this
technique as a non-destructive tool for residual strain measurements [34, 35]. Such measurements
are important for safety factors considerations in construction where knowledge of the internal
stress state can help understand material behavior and predict unexpected failure under loading
conditions due to pre-existing residual stresses [2, 36]. While other non-invasive probing
techniques such as x-ray or electron diffraction do exist [36], neutrons have the distinctive
advantage of being highly penetrating when interacting with most structural materials; with the
low attenuation faced by neutron beams, it is possible to probe samples while they are contained
in additional layers of material providing sample environment (furnace, cryo-chambers, etc.) for
experimental purposes. Neutrons, as opposed to electrons and x-rays which interact with the
electron cloud, interact with the nucleus of an atom. A neutron is scattered by a nucleus if it comes
within a certain distance from the nucleus. The area surrounding a nucleus within which a neutron
undergoes scattering is defined as scattering cross-section (square meter units); After a scattering
event, the amplitude of the neutron wave can increase or decrease. This depends on the strength of
the neutron-nucleus interaction. The strength of the interaction is referred to as scattering length
(length unit). When a neutron undergoes a scattering event with a nucleus it scatters isotropically;
that is, it has the same probability of scattering in any direction. Neutrons can, considering their
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particle nature, undergo elastic or inelastic scattering. For elastic scattering, the energy and
momentum of the neutron are conserved; during inelastic scattering, the neutron gains or loses
energy after interaction with the nucleus. Scattering can also be coherent, where the phase relation
between neutrons scattered by various nuclei is consistent, or incoherent, where the phase
differences between neutrons vary randomly and no meaningful interference can be observed. For
neutron diffraction we generally deal with coherent elastic scattering phenomena. To understand
diffraction, we have to consider the wave nature of neutrons and how it is used to obtain
information about the relative spacing of a crystal lattice. Diffraction occurs when particles hit a
target in phase after a scattering event. De Broglie postulated that if electromagnetic waves had
particles-like properties, particles probably had wave-like properties. Comparing energy equations
shown below, De Broglie found the wavelength to be directly related to the momentum and energy
of the particles.
𝐸 = 𝑚𝑣 G ; 𝐸 = ℎ𝜈; 𝑣 = 𝜆𝜈

Eq. 8

𝑚𝑣 G = ℎ𝜈
𝑚𝑣 G = ℎ
𝑚𝑣 =
𝜆=

𝑣
𝜆

ℎ
𝜆

ℎ
ℎ
=
𝑚𝑣 𝑝

The amplitude of a matter wave is directly related to the probability that the particle is found at a
given location. We now consider a beam of in-phase neutrons incident at an angle q on an evenly
spaced crystal lattice and undergoing elastic coherent scattering. Coherent scattering means the
relative phase between neutrons is maintained prior to and after nuclear interaction. As mentioned
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earlier neutrons will be scattered isotropically in all directions. If we consider neutrons scattered
at the same angle of incidence q, we can calculate the path difference between neutrons scattering
from adjacent planes. Figure 3 shows a schematic representation of incoming neutrons and
scattering angles. It can be seen that the extra distance travelled before interaction is given by
𝑑 sin 𝜃; after scattering an equal extra distance is travelled before the second neutron returns to the
same path as the first neutron. If the path difference is equal to an integer number of wavelengths
it can be seen that the scattered neutrons will be perfectly in phase even after the scattering event.
When hitting a neutron detecting target, all neutrons scattering at this angle will be in phase and
due to constructive interference, a high intensity peak will be recorded at the detector. In a simple
lattice, if conditions for diffraction are met between nearest neighboring atoms, lattice points at
multiple planar distances also satisfy these conditions. This scattering effect from multiple lattice
points generates the typical diffraction peak. A slight offset from optimal diffraction angles, results
in no intensity recorded at the detector because the net scattering effect from lattice points causes
overall destructive interference.

Figure 3: Schematic representation of neutron diffraction
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The strength of the interaction between neutron and nucleus can be described by a quantity with
units of length known as scattering length. The scattering interaction is explained using the concept
of scattering cross-section. This quantity is related to the scattering length and quantifies the “area”
of the nucleus as seen by the incoming neutron. Average scattering length for each element varies
randomly with atomic mass and does not increase with increasing atomic number like in the case
of x-ray scattering. Some elements possess a negative scattering length. Scattering from a simple
cubic crystal structure is relatively simple and peaks satisfying Bragg’s law can be easily
identified. More complex structures, such as Face Centered Cubic and Body Centered Cubic, have
planes spaced by a fraction of the lattice constant that cause 180˚ out of phase scattering resulting
in systematic destructive interference. Some crystal reflections “disappear” and therefore crystal
structure has to be accounted for when probing specific reflections.
Thermal Neutrons
Neutrons generated from the reactor core are moderated to become thermal neutrons. Thermal
neutrons have a wavelength of approximately 1.45 Å. This wavelength is ideal for probing of most
structural materials (metals and ceramics) and their crystal lattice. Neutrons generated by fission
go through a monochromator where unwanted wavelengths are filtered out and a coherent
monochromatic neutron beam is obtained. Such a beam is then guided to an instrument for
diffraction measurements. With this technique, spacing of a single lattice plane is probed in a
polycrystalline material. Reactor based instruments can take advantage of high flux levels but a
are limited in the sense that generally a single reflection is probed at a given time.
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Time of Flight
Spallation neutron sources use high energy particles to knock neutrons out of a parent material.
Spallation generates a packet of neutrons with a range of wavelengths. Time of Flight (TOF)
measurements rely basically on two main parameters: distance travelled and time taken to travel
that distance. Knowing the exact distance travelled by the neutrons from the spallation event all
the way to the instrument, through the scattering event and finally reaching the detector, and
knowing the exact time between pulse creation and detection, it is possible to calculate the speed
of each individual neutron. In turn, assuming constant velocity, one knows what the speed of the
neutron was and hence it’s kinetic energy, momentum and wavelength can be precisely
determined. Detector banks allow data collection over a wide angular range. Knowing the
scattering angle and wavelength of the incident neutron, a given peak is easily related to a specific
d-spacing. Flux is generally lower compared to thermal neutron sources but data for several lattice
planes is simultaneously acquired.
Applications of Neutron Diffraction
With high flux reactors and improved instrument design, the number of applications for neutron
diffractions experiments has greatly increased. Specifically, residual stress measurement
techniques have been applied to various materials. Thermal neutron facilities have been used to
characterize structural metals. Studies include residual stresses in Ti64 due to fiber laser welding
[37], low-cycle fatigue behavior of high-strength low-alloy sheet steel [38], mechanical
characterization of additively manufactured Inconel 718 specimen [39] and phase changes induced
by plastic deformation of steel samples [40]. Using the TOF technique, studies have been carried
out on various materials of interest. A complete diffraction spectrum can be obtained
simultaneously; this is especially convenient when a multi-phase material is probed and
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information from all phases is acquired in one measurement. If stress is applied to a multi-phase
material, the response of different phases can be evaluated [41]. Beyond lattice strain response,
diffraction measurements can also provide insight on the slip mechanisms [42]. Despite the
advantages of TOF measurements, data acquisition can be time consuming. This in itself is not an
unsurmountable issue however it can be significant if a sample is held at a given significant load,
uniaxial tension for example, and creep ensues during the diffraction measurement. This was
encountered by Clausen et al during the study of lattice strain evolution of stainless steel [43].
Tomography
X-ray computed tomography (xCT) allows non-invasive imaging and characterization of
materials. Obtained data consists of a stack of slices showing the cross section of the sample; these
slices show the spatial distribution of the attenuation value in the interior of the sample [44]. The
main imaging system components are the x-ray source, rotary stage and detector system. The
specimen is secured onto the rotary stage and taken through a 360 degrees rotation using a given
number of rotation steps. At each rotation step a radiograph is acquired by exposing the specimen
to the x-ray beam for a certain amount of time. A radiograph is essentially a measure of the
attenuation the x-ray beam experiences going through a sample. An x-ray beam with intensity I0
incident on a specimen of thickness x, emerges on the other side with intensity I. Its intensity
reduces from I0 to I based on the following relationship: 𝐼 = 𝐼Z 𝑒 yz[ , where µ is the attenuation
coefficient.
Given that the energy is sufficient for the photons to penetrate the sample completely and reach
the detector, the attenuation depends on the attenuation coefficient µ and thickness of the sample
material x. The minimum number of projections is selected to capture all details of the sample
cross-section. This number is related to the number of pixels occupied by the sample at its largest
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dimension. Depending on the resolution required, the stage is placed at a given distance from the
x-ray source. Magnification M is determined by the ratio of the source to object distance (SOD) to
|}~

source to detector distance (SDD); 𝑀 = |~~. A schematic representation of an x-ray tomography
setup is shown in Figure 4. Spot size of x-ray source and detector pixel size pose a limitation to
what the maximum resolution can be. Exposure time for radiographs is chosen to maximize the
dynamic range of each image while avoiding saturation by overexposure. Using the filtered back
projection algorithm [45, 46], cross section images are obtained from the acquired projections.
Reconstructed images can be visualized in 3D and allow volumetric quantitative analysis to be
carried out. As a non-invasive approach, x-ray tomography has been used to quantify evolution of
voids associated with fracture using synchrotron x-ray tomography to assess the alignment with
loading direction [47]. The quantitative information of void dimensions for as received sample and
damage evolution with fractured sample are proposed for verifying analytical models in that study.
Neutrons can be used as an alternative radiation source for three-dimensional imaging of structural
materials.

SAMPLE

STAG
E

Figure 4: X-ray tomography system schematic
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The principles of data acquisition and reconstruction are the same as what previously reported for
x-ray scans. The main difference is in regard to the beam geometry: an x-ray beam is divergent
hence geometric magnification can be achieved by adjusting SOD and SDD lengths however
reconstructions algorithms are more complex; on the other hand, neutrons beams are parallel, and
reconstruction is quicker, but geometric magnification cannot be achieved.
Electron Back Scatter Diffraction
Information about the grain structure and orientation can be obtained by means of electron
backscatter diffraction (EBSD). An electron beam scans an area of interest providing information
about the crystal orientation at a point. A complete scan generates a map with grain morphology
and orientation. A very smooth finish is necessary to ensure quality of data and sample preparation
can be difficult depending on the material. It is however useful as information obtained is used to
better understand in situ diffraction data. EBSD on samples prior to and after thermal/mechanical
load reveals microstructure and texture evolution.
Proposed Tasks
Characterization of Aluminum Alloys and Mechanical Property Changes due to Fire Damage:
In the study of structural aluminum alloys of interest, the first objective is to evaluate basic
mechanical properties of the original material to establish a reference frame for the assessment of
fire damage and its effect on the material behavior. Working in collaboration with Virginia Tech,
rolled plates of AA6061 and AA5083 were obtained. The mechanical engineering department at
Virginia Tech is equipped with a special “fire lab”; a laboratory furnished with equipment capable
of creating open flames and simulating fire exposure. They also have the capability to accurately
measure temperatures across the material to ensure uniform fire exposure. At the fire lab,
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aluminum plates were subjected to fire and reached target temperatures of 400˚C and 500˚C.
Thermal camera imaging revealed uniform temperatures across the entire plate. Other plates will
be kept in their as received state. These plates are approximately 10 mm thick. Dog-bone shaped
samples will be cut out of the plates along and across the rolling direction providing us with a set
of samples where mechanical properties can be evaluated based on material, fire damage level,
and machining direction. A schematic showing the possible sample condition combinations is
shown in Figure 5.
Mechanical testing: Basic mechanical properties such as Young’s and Shear moduli and yield
stresses in tension and torsion, will be determined. First mechanical testing experiments will
consist of pure tension and pure torsion and subsequently material behavior during a simultaneous
combination of tension and torsion will be investigated. Samples will be equipped with strain gages
(rosette strain gages for torsion and multiaxial loading experiments) and DIC measurements will
simultaneously be carried out to ensure testing consistency and repeatability. DIC will be
especially useful for torsion measurements on non-circular cross-sections where significant strain
variation across the sample face is expected. For aluminum alloy 5083, behavior during high
temperature creep damage will be observed and we will attempt to quantify damage by means of
three-dimensional x-ray tomography. Various samples will be obtained by halting tests at
progressive stages of creep and cutting out the gage section where damage occurs to reduce sample
size to dimensions suitable for x-ray imaging. Obtained data will give insight in defect formation
and evolution in the material leading up to failure. Results will be compared with two-dimensional
SEM imaging from our colleagues at Virginia Tech.
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Figure 5: Summary of aluminum alloys, damage condition, and sample machining
direction
In-situ neutron measurements: Using custom-built portable load frames, tensile loading tests will
be repeated at neutron diffraction facilities for in-situ neutron diffraction measurements. We expect
to characterize the individual lattice plane response of these alloys to applied mechanical loading
and changes in behavior induced by fire damage. Such measurements present difficulties in terms
of set up and data acquisition. It is important to have a load frame that can be oriented to probe
lattice spacing along the sample loading direction without obstructing the beam path. Furthermore,
software integration between loading system and neutron diffraction instrument for automated data
acquisition from a single workstation is helpful when lengthy experiments are carried out. Custombuilt portable loading systems capable of integration at multiple neutron beam lines, are available
for such experiments. The control software is based on Labview® /National Instruments and is
able to communicate with instrument controls at diffraction facilities. By way of macros, it is
possible to automate mechanical loading path and neutron diffraction measurements without the
need to be present at the instrument at all times.
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In parallel, microstructure of mechanically loaded samples will be investigated by microscopy and
electron backscatter diffraction (EBSD); this will give us insight into grain morphology and texture
changes due to fire damage and mechanical loading.
Validation of Neutron Diffraction for Stress Measurements: Characterization of Ti-6A-4V Alloy
Validity of measurements of hkl specific strains by neutron diffraction and relationship with
engineering strain measured using traditional techniques will be demonstrated. The Titanium alloy
available is a forged Ti64 alloy used for commercial aerospace applications from a major
manufacturer. Due to a negative scattering length parameter for titanium, data acquired with
thermal neutrons would take significantly longer to acquire making neutron diffraction
measurements during continuous deformation impractical. To overcome these issues, time of flight
experiments during step loading will be carried out. Mechanical testing with DIC will provide
basic mechanical properties baseline. In-situ neutron and x-ray diffraction will elucidate
anisotropic lattice behavior. Ability to conduct x-ray diffraction experiments in a temperaturecontrolled environment will enable the study of lattice specific coefficients of thermal expansion.
As was the case with aluminum alloys, EBSD imaging will be used to characterize microstructure.
Anger Camera Experiments (Development of Diffraction Applications with Portable Neutron
Detector for Residual Stress Measurements):
In parallel with the need to understand material properties and damage, there arises the necessity
to improve novel techniques associated with data acquisition. In some environments (naval,
marine, aerial) in remote areas or where time is of the essence, ability to rapidly assess state of
structural components could be of great value. Neutron diffraction is a highly valuable tool in the
quest to characterize materials and evaluate lattice strains. However, neutron diffraction
experiments are carried out at specialized facilities available in few locations worldwide.
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Conventionally used 3He detectors are typically large and require pressures of up to 2 atm [48];
they are categorized as high pressure compressed gas imposing restrictions on their transportation.
Portable neutron sources do exist, but their overall flux is several orders of magnitude lower
compared to standard fission and spallation sources. While much more compact and portable xray diffraction systems are available, the disadvantage remains the low penetration depth of x-rays.
Steps towards viable portable neutron diffractometers require advancement on two fronts: 1)
portable sources with higher flux 2) improved efficiency, small-sized detectors. (1) is challenging
and comes with health, safety and security concerns. Addressing detector size and efficiency is a
more viable path to implementing portable neutron diffractometers in the future. As part of these
efforts we will participate in a series of tests using a compact Position Sensitive Detector based
neutron detecting camera [49, 50]. The main component of the camera is a highly efficient neutrondetecting scintillating material. While other groups are focusing efforts on development of new
scintillating materials and more compact electronics, we aim at developing the complementing
components such as shielding, optics and stage mounts to successfully acquire diffraction data.
Consistency and repeatability are key objectives as well as standard procedures for instrument
calibration and data normalizations. Measurement from the portable system will be compared with
data from a standard neutron diffractometer (NRSF2 at HFIR, ORNL). The Anger camera will be
securely attached to the larger supporting structure of the instrument detector. Movements of the
main detector will correspond to equal displacements of the portable detector. Objectives will be
to ensure detection of diffraction peaks for various standard powder materials; to estimate the
degree per pixel resolution when sweeping a peak through the detector with 2theta motion.

28

CHAPTER 2: MULTIAXIAL DEFORMATION BEHAVIOR OF ALUMINUM ALLOY
6061 SUBJECTED TO FIRE DAMAGE
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This chapter is based on a paper to be submitted to the Material Science and Engineering A
Journal by Stephen Puplampu and Dayakar Penumadu:
S. Puplampu, A. Siriruk, A. Sharma, D. Penumadu
“Multiaxial Deformation Behavior of Aluminum Alloy 6061 Subjected to Fire Damage”
My contributions include experiment planning and data acquisition, data processing and the major
part of the writing.
Abstract
The deformation behavior under multi-axial loading conditions (tension and torsion) was evaluated
for structural aluminum alloy AA6061 that is of interest to the US Navy. Damage resulting from
exposure to fire for this structural alloy was simulated under controlled conditions to evaluate the
degradation of mechanical properties. For this study, the focus is on the stress-strain behavior of
aluminum alloy AA6061 samples and comparison between as received state and fire exposed
conditions (corresponding to a uniform temperature of 400°C and 500°C that are subsequently
water quenched). Three-dimensional digital image correlation technique is used to capture the
evolution of local strains over the gage length of a deforming specimen subjected to tensile or
torsional loading. Additionally, microstructure is investigated after mechanical testing by Electron
Backscatter Diffraction. This research is aimed at gaining fundamental understanding of aluminum
ship structures subjected to fire damage; multi-axial stress-strain data is necessary for developing
realistic constitutive models for implementation in boundary value problems to assess the state of
structures after fire exposure.
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Introduction
The 6061 aluminum alloy (AA6061) is widely used as a structural material in many fields such as
aircraft structures and vessel systems because of its excellent mechanical and welding properties.
Over the past few decades the US Navy has shown increasing interest in using aluminum alloys
for the construction of vessels and in particular the superstructure of vessels to reduce the weight
and increase the speed of the naval craft. Aluminum is also being strongly considered as a
replacement for steel in ship construction due to its light weight, strength, resistance to corrosion,
and potential for recycling after the design life of the structure. Using aluminum as the main
component of the upper part of a ship lowers the vessel’s center of mass granting more stability
while reducing weight simultaneously. Aluminum also exhibits high thermal conductivity, so it
tends to reduce temperatures at heat concentration zones. Despite these advantages full
implementation of aluminum alloys ship structures is cautiously implemented, partly due to
uncertainties of the material’s ability to withstand onboard fires [51] and a lack of fundamental
understanding on property degradation for complex loading conditions that exist in real structures.
An improved understanding of these materials’ response to deformation behavior under both
tensile and torsional loading is very important. Tubular specimens subject to tension and torsion
have been studied in the past [52], and as expected for fire exposure, the grain size has been
reported to increase with increasing temperature [53]. Aluminum alloys, to a large extent,
demonstrate strong dependency of their properties on microstructure (grain size, morphology),
texture, and residual stresses resulting from processing conditions during manufacturing [54-56].
Aluminum 6061-T651 was used in the present study and is a precipitation hardened aluminum
alloy; the major alloying elements are magnesium and silicon. AA6061 is strengthened by the
interaction of precipitates and the dislocations, and its strength is a function of precipitate size and
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volume fraction. This interaction will be weakened by the precipitate phase evolution at elevated
temperature. Therefore, the yield strength will be reduced during the thermal exposure. In recent
years, fast and affordable tools to evaluate 2D and 3D displacement fields on surfaces of deforming
specimens using Digital Image Correlation (DIC) technique have been developed and are easily
implementable. Full field displacement measurements from DIC can be used in a variety of ways
to check the boundary conditions of the experimental set-up, and to obtain spatially resolved
damage and potential localizations using a non-contact approach. More details on using the DIC
technique to measure displacement can be found in [16]. It has been demonstrated that use of DIC
makes it possible to map full-field strain data on various materials ranging from heterogeneous
and anisotropic PVC foam [17, 18] and single carbon fiber T700 [19], to homogeneous or
heterogeneous metal [20, 21].
There are common scenarios where aluminum 6061 elements on a ship vessel can be subjected to
a fire environment including the engine room. Constitutive models for AA5083 and AA6060
aluminum alloys exposed to fire conditions have been proposed based on the constitutive creep
model developed by Dorn and Harmathy [13]. Gaining a better understanding of mechanical
properties of aluminum alloys after fire exposure is of great importance for the successful
integration of these materials in mainstream ship building production. To assess the effects of fire
exposure and mechanical loading at the microstructural level, Electron Backscatter Diffraction
(EBSD) can be employed [57]. Sample preparation can be challenging due to risk of inducing
damage while sectioning and a highly polished final surface is required for successful data
acquisition. Despite difficulties, EBSD grants insight in grain size and morphology, as well as
presence of texture. This technique allows detection of microstructural changes caused by thermomechanical loads. This study focuses mainly on the properties of AA6061 and its behavior
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subsequent to exposure to fire at 400°C and 500°C. Degradation of mechanical properties of fireexposed aluminum samples was observed under tension, torsion and a simultaneous combination
of the two, leading to a better understanding of the yield surface of this alloy and how it is affected
by fire exposure. After fire exposure, the surface of AA6061 aluminum alloy samples is possibly
the weakest link. Therefore, it is particularly important to include torsion studies of AA6061
samples to understand the effect of yield and failure with the application of a stress path that
involves major principal stress rotation. It has also generally been perceived that evaluating the
constitutive behavior under pure shear stress on samples with rotational symmetry typically
represents the opportunity to apply large strains without leading to strain localizations in the form
of necking. The objective of this research is to determine the macro mechanical behavior and
microstructural changes of AA6061 aluminum alloy machined from plate rolling before/after fire
exposure. Samples are prismatic dog-bone shaped with a rectangular cross-section. In a rectangular
cross-section, the maximum shear stress occurs at the mid-point of the longest side; a relative
maximum occurs at the mid-point of the short side. It has also been established that in pure torsion
plane sections normal to the torque axis plane section do not remain plane and undergo warping
[51, 58]. Cook and Young [2] make use of warping function and membrane analogy concepts to
illustrate plane distortion and strain distributions. With DIC technique, it is possible to observe the
local mechanical behavior. This study also serves as a basis for other studies involving noninvasive neutron and x-ray diffraction measurements of residual strains.
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Theory
Pure Tension/Pure Torsion
Young’s Modulus E and shear modulus G can be found from the slope of the fit to the linear
portion of the stress strain curve (Eq. 9). Yield stress and strain are determined by a 0.2% offset of
the linear fit and its intersection with the original stress strain curve.
𝝈 = 𝑬𝜺; 𝝉 = 𝑮𝜸

Eq. 9

Shear Strain Distribution
Due to the non-circular shape of the sample’s cross-section, shear strains are not uniformly
distributed and vary from a minimum at the corners to a maximum at the mid-point of the long
side (the mid-point of the short side is a relative maximum). Saint-Venant developed a general
solution for the torsion problem in a prismatic member with non-circular cross-section. Making
use of a warping function, equations defining shear stress values as a function of position within
the sample cross-section are derived (are more in-depth analysis of this problem is presented in
the section Torsion – Material Loading and Mechanics from Chapter 1). Expected warping and
shear stress distribution can be plotted as shown in Figure 6. The relationship between applied
torque and maximum shear stress is given by Eq. 10, where b is length of the long side, t is
thickness of the short side, T is torque and α is an empirical parameter obtained from the ratio b/t
[15]:
𝝉𝒎𝒂𝒙 =

𝐓
𝜶𝒃𝒕𝟐

Eq. 10

34

Figure 6: (a) 3D plot of the warping function 𝝍 (𝒙, 𝒚). (b) 2D plot showing shear stress
distribution and intensity (Blue represents 0 stress, bright yellow maximum stress)
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Multiaxial Loading
simultaneous application of tension and torsion is quantitatively defined by a beta value relating
tau max and sigma as shown in the following relationship:
1
𝛥𝜏
𝑡𝑎𝑛(2𝛽) =
2
𝛥𝜎

Eq. 11

From Eq. 11 we see that for an axial loading test Δτ = 0 implying 𝛽 = 0˚; on the other hand,
for pure torsion(Δσ = 0), tan(2𝛽) goes to infinity hence 𝛽 = 45˚. The complete state of stress
in a material is represented by the stress tensor. Components of the stress tensor depend on the
chosen reference frame. There is a reference frame where all shear stress components are equal to
zero; the remaining normal stresses are known as principal stresses. Eq. 12 is used to determine
principal stresses from stress tensor components:
G
G
G
𝜎 L − c𝜎[ + 𝜎^ + 𝜎\ d𝜎 G + c𝜎[ 𝜎^ + 𝜎^ 𝜎\ + 𝜎[ 𝜎\ − 𝜏[^
− 𝜏^\
− 𝜏[\
d𝜎

Eq. 12
− c𝜎[ 𝜎^ 𝜎\ + 2𝜏[^ 𝜏^\ 𝜏[\ −

G
𝜎[ 𝜏^\

−

G
𝜎^ 𝜏[\

−

G
𝜎\ 𝜏[^
d

=0

The coefficients yield the same values irrespective of the frame of reference since the roots of Eq.
12 are the same for a given stress state. The coefficients in Eq. 13 are known as stress invariants I.
𝐼Œ = c𝜎[ + 𝜎^ + 𝜎\ d
G
G
G
𝐼G = c𝜎[ 𝜎^ + 𝜎^ 𝜎\ + 𝜎[ 𝜎\ − 𝜏[^
− 𝜏^\
− 𝜏[\
d

Eq. 13

G
G
G
𝐼L = c𝜎[ 𝜎^ 𝜎\ + 2𝜏[^ 𝜏^\ 𝜏[\ − 𝜎[ 𝜏^\
− 𝜎^ 𝜏[\
− 𝜎\ 𝜏[^
d

For a situation where only axial and torsional stresses are applied, the values of the principal
stresses reduce to Eq. 14:
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Œ

G
𝜎[
𝜎[G
G
𝜎Œ = + • + 𝜏[^
Ž
2
4

𝜎G = 0

Eq. 14
Œ

G
𝜎[
𝜎[G
G
𝜎L = − • + 𝜏[^
Ž
2
4

The maximum shear stress criterion of yielding and the distortion energy theory of yielding are
expressed by Eq. 15 and Eq. 16 respectively:
𝜏[^ G
𝜎[ G
H K + 4H K = 1
𝜎Z
𝜎Z

Eq. 15

𝜏[^ G
𝜎[ G
H K + 3H K = 1
𝜎Z
𝜎Z

Eq. 16

Octahedral stress is relevant to plasticity experiments. It represents the stress state in an octahedron
where the face normal makes an equal angle with each of the principal stresses. Octahedral stress
can be resolved in normal octahedral stress and octahedral shear stress. The octahedral normal
stress (Eq. 17a) is the hydrostatic stress while the octahedral shear stress is the stress component
responsible for yielding (Eq. 17b). Strains related to these stresses are the octahedral linear strain
(Eq. 17c) and octahedral shear strain (Eq. 17d).

𝜎012 =

𝜎Œ + 𝜎G + 𝜎L
3

Œ
1
𝜏012 = [(𝜎Œ − 𝜎G )G + (𝜎G − 𝜎L )G + (𝜎L − 𝜎Œ )G ]G
3

𝜀012 =
𝛾012 =

𝜀Œ + 𝜀G + 𝜀L
3

Œ
2
[(𝜀Œ − 𝜀G )G + (𝜀G − 𝜀L )G + (𝜀L − 𝜀Œ )G ]G
3

Eq. 17a

Eq. 17b
Eq. 17c
Eq. 17d
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Slipping and Schmid Factor
Permanent deformation on a macroscopic level occurs when dislocation barriers are overcome,
and lattice planes undergo slipping. Depending on the crystal structure of the material subjected to
deformation, slipping occurs only on certain preferred lattice plane and in a specific direction.
Slipping occurs on the most densely packed lattice plane (which is also the one with largest interplanar spacing) in the highest linear direction; the combination of lattice plane (hkl) and slip
direction [uvw] is commonly referred to as slip system. When an external load is applied, it must
be resolved with respect to the slip plane and slip direction to evaluate the critical resolved shear
stress. The shear stress t acting on the slip plane in the slip direction is related to the applied stress
s by τ = 𝜎 cos 𝜆 cos 𝜙 where cos 𝜆 cos 𝜙 is known as the Schmid factor. Under a given loading
condition, the slip system that will activate will be the one with the highest Schmid factor.
Experimental Method
Samples
AA6061 plates with a thickness of 9.9 mm were acquired from Alcoa and samples suitable for
mechanical testing were machined both along and across the rolling directions to have a cross
section of 6.3 mm by 9.9 mm and a gage length of 34.5 mm as shown in Figure 7. The typical
composition of Aluminum 6061 alloy is given in Table 1. Stacked single and rosette strain gages
were used to evaluate the multi-axial strain state as a function of applied stress in the elastic regime.
They were mounted at the mid height of the specimen on the width and thickness sides and the
complete state of the 2D strain tensor was obtained from the response of the three strain gages as
a function of applied stresses.
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Figure 7: (a) Specimen with dimensions in millimeters and (b) photograph of sample with
strain rosette

Table 1: Chemical composition of aluminum alloy AA6061

Component

Weight %

Al
Cr
Cu
Fe
Si
Ti
Zn
Mg
Mn
Other, each
Other, total

95.8 - 98.6
0.04 - 0.35
0.15 - 0.4
Max 0.7
0.4 - 0.8
Max 0.15
Max 0.25
0.8 - 1.2
Max 0.15
Max 0.05
Max 0.15
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Mechanical Testing System and Testing Parameters
A biaxial servo-hydraulic MTS mechanical testing system with a full-scale capacity of 25 kN axial
force and 250 N-m torque, shown in Figure 8(a), was used to perform mechanical testing. An axial
extensometer, shown in Figure 8(b), was used to record the on specimen axial strains from the
deforming samples in tension. Aluminum 6061 samples were subjected to pure tension at a
deformation rate of 0.2 mm/min and a maximum displacement of 1.5 mm. An extensometer was
attached at the mid height to obtain on specimen strain data. Eq. 9 expresses the value of Young’s
modulus, E. Young’s modulus is determined by a linear fit of the elastic portion of the stress-strain
curve. The yield strain is determined from the experimental curve and a 0.2% offset. Pure torsion
tests were performed at the rate of 3 degrees per minute and under zero axial stress, 𝜎 = 0. The
specimens were subjected to 15 degrees of maximum rotation. A rosette strain gage was used to
obtain on specimen shear strain data (𝛾). As with the Young’s modulus, G is determined from the
linear fit of the elastic part on the shear stress-shear strain curve and the yield stress is at 0.2%
offset. Multiaxial loading was carried out for beta values of 15˚ and 30˚. An axial displacement of
1.5 mm was imposed. Detected axial force (due to axial displacement) then served as input to
dynamically calculate required torque to maintain a constant torque to axial force ratio.
On-Specimen Strain Mapping
On specimen strain mapping by digital image correlation (DIC) has recently seen significant use
in research with applications in mechanical testing [29-33]. Much of the recent success of DIC can
be attributed to greater computing ability, allowing for more advanced mapping algorithms.
Generally, the technique is to map a single point in space using knowledge from surrounding
points.
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Figure 8: A servo-hydraulic MTS system and close-up sample with strain gages and
extensometer.
The work presented here used the Vic-3D digital image correlation system from Correlated
Solutions. Vic-3D uses a dual-camera system to measure the shape of an object, displacements,
and full-field strains in three dimensions. The region wherein displacements are calculated for a
single, central point is called a subset. The general motion of these subsets was tracked from image
to image using numerical algorithms. The resulting displacement defined the motion of the center
pixel in each subset. The software locates each subset center a specific number of pixels apart; this
pixel distance is called the step size. The relative motion between steps is then used to calculate
strain on the sample surface. Features required for mapping were introduced by careful painting
of speckle patterns on the surface. Samples were first painted white using non-gloss paint and then
lightly speckled with small black features in a random fashion. A typical sample after white paint
and black speckle can be seen in Figure 9 with subset markers.
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Figure 9: Typical black on white speckle for specimen with 25-pixel subset overlaid.
A sharp black/white contrast combined with a random, appropriately sized, speckle pattern
optimizes the algorithm for mapping. On-specimen 3-D strain mapping for 6061 Aluminum
samples subjected to tension or torsion was performed to study the development and possible
localization of strains along the gage length as the extensometer only provides integral amount of
deformation over the gage length. Plasticity may be critical to the texture transformation for
different conditions of AA6061-T651 exposed to fire damage, but conventional strain
measurement techniques, also performed here, offer little if any insight into spatial variation of
high strain regions. The accuracy of results was verified by a comparison with conventional strain
measurement techniques i.e. extensometer in tension and strain gauge rosette in torsion. Figure 10
shows that the average surface strain from Vic-3D on both sample width and thickness compares
well with extensometer data and closely reproduced the stress strain curve. A similar observation
was made under torsion when the surface strain at mid-height was compared with the rosette strain
gage result in Figure 11. The shear strain distribution under torsion is shown in Figure 12 where a
uniform strain profile was found at the center of each sample on both width and thickness sides.
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Figure 10: Comparison results from VIC3D and extensometer of fire-exposed sample
subjected to tensile loading

Figure 11: Comparison results from VIC3D and rosette strain gage for fire-exposed sample
subjected to torsion
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Figure 12: Strain data profile distribution on sample width and thickness sides

Results
Pure Tension
Figure 13(a) shows a tensile stress-strain curve, strained well into the material’s plastic strain state,
well beyond yield stress. Using a 0.2% offset criteria (plotted in red), the yield stress was found to
be 300 MPa approximately for Aluminum 6061, which agrees with reported literature [59, 60]. In
Figure 13(b), the initial slope of stress-strain data yielded a Young’s modulus (E) of 70 GPa. Strain
was obtained using an extensometer and rosette strain gages on the surface; the results associated
with the stress-strain curve agreed well demonstrating the reliability of the DIC approach. Figure
14 summarizes the stress-strain curves under tensile load from samples along and across the rolling
direction, indicating that there is little anisotropy along and across the rolling direction. When 6061
Aluminum was exposed to fire at 500 ˚C, results indicate substantial degradation with a loss in
yield of approximately 60%.

44

Figure 13: (a) Typical stress-strain curve behavior of AA6061 subjected to tensile loading
and (b) Comparison of Young’s modulus from different inputs.

Figure 14: Comparison of stress-strain behavior of samples machined along and across
rolling direction, with and without fire damage effects
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Pure Torsion
Figure 15(a) shows the stress-strain curve for an as received sample subjected to torsion. As
mentioned above, the 0˚/±45˚ rosette strain gage was used to acquire the shear strain data, while
the maximum shear stress τmax was obtained from equation Eq. 10. The yield stress in shear τy, was
found to be 255 MPa with 0.2% offset and the shear modulus was 27.6 GPa. A similar result of
60% reduction in τyield was observed when 6061 Aluminum plate was exposed to 500 ˚C as shown
in Figure 16. Under tension as received samples yielded at 310 MPa while samples exposed to fire
at 400°C and 500°C yielded at 88.8 MPa and 98 MPa respectively as seen in Figure 14. Akin
deterioration of mechanical properties was also observed when fire-exposed samples were
subjected to torsional loading where as received samples had a yield shear of 250 MPa, which
reduced to 87 MPa when exposed to 500°C.
Multiaxial Loading
Having established reliability of strain measurement by DIC, exclusively image correlation was
used to measure strains during combined tensile-torsional loading. Figure 17 shows principal strain
distribution on the width surface during b = 30˚ testing. Obtained data is presented in terms of
octahedral shear stress and octahedral shear strain to account for tensile and torsional loading
(Figure 18). Strain data was extracted from the red region indicated in Figure 17. From extracted
strain data two separate stress-strain curves can also be plotted: the first showing axial stress vs
axial strain and the second showing shear stress vs shear strain. Young’s and Shear moduli
obtained from the linear portion of these stress-strain curves show no considerable change when
compared to what was obtained from pure tension or pure torsion tests.
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Figure 15: (a) Typical shear stress-strain curve for AA6061 subjected to torsion and (b)
Shear modulus obtained from a rosette strain gage.

Figure 16: Effect of fire on pure shear stress – shear strain from torsion testing for 6061T651 Aluminum
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Figure 17: Example Principal strain distribution on sample width during combine axialtorsional loading

Figure 18: Octahedral shear stress vs. octahedral shear strain for b = 30˚ multiaxial loading

48

EBSD Imaging
EBSD patterns were acquired from undeformed as received and fire-exposed plates and
mechanically deformed samples obtained from those plates. Patterns from plates isolate effects of
fire damage; patterns of deformed samples from as received plates isolate effects of mechanical
testing while patterns from remaining samples reveal combined effects of fire damage and
mechanical deformation. Example EBSD maps are shown in Figure 19.
Discussion
Summary of Mechanical Testing Results
A summary of stress at failure is shown in Figure 20. From obtained data, 𝛽 = 15˚, tests for fireexposed material yield at a slightly higher axial stress value than what is recorded for the pure
tension tests. According to Von Mises and Tresca yielding criterions, the yield stress in shear is
approximately half of the yield stress in pure tension. In the case of our samples, due to geometry,
portions of material that yielded are surrounded by volumes of material at considerably lower
stress. Under these conditions it is harder to clearly identify the yield point of the sample.

Figure 19: example EBSD images of different material conditions. (a) As received AA6061
plate (b) As received AA6061 sample subjected to a maximum axial strain of 3.4%
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Figure 20: Summary representation of shear and axial failure stresses for range of tests
carried out

Texture and Microstructure
EBSD maps were acquired to investigate effects of fire exposure and mechanical loading on the
material’s microstructure. Reference textures for undeformed samples were obtained from as
received and fire exposed plates. Texture from these plates reveals preferred orientation due to
rolling. Texture in fire exposed specimen is relieved to some degree and some changes are induced
by mechanical testing. Summary of obtained textures is shown in Figure 21. Texture from samples
deformed in tension data was relatively easy to obtain since tensile strains in the gage section were
uniform across the entire sample cross-section. With samples subjected to torsion and multi-axial
loading, care has to be taken to obtain EBSD maps from specific locations due to non-uniform
strain distribution. In this case, maps were obtained from two locations: (1) as close as possible to
the center of the cross-section where shear stresses are close to zero and (2) close to the middle of
the long side where the maximum shear stress was expected.
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Figure 21: Summary of pole figures for unstrained materials and tested samples along the
rolling direction
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Pole figures display presence of texture in all cases with the (100) planes largely lying along the
axis (rolling, transverse and normal directions) of the plates and samples. Texture evolution under
tension is consistent between as received and fire-exposed samples and seems to involve simple
rotation of grains to align the (100) planes towards the loading direction. Texture changes during
torsional testing involves competing mechanisms. Figure 22 shows a representation of an FCC
unit cell and the resolved principal stresses from the applied shear stress. The green vector
represents the axis along which tension takes place while the red vector shows the compressive
axis. In an FCC crystal, there are 12 possible slip systems on the {111} plane family along the
⟨110⟩ directions. In the case under study 2 planes, the (111) (orange) and (1—11) (not displayed),
have their normal vectors aligned at 90˚ to the tensile principal stress. With a Schmid factor of
zero, slipping will not occur for these planes but they will be susceptible to rotation due to
compression from the compressive principal stress. This accounts for 6 potential slip systems (2
planes, each with 3 slip directions). This effect can be seen in the pole figures obtained from the
middle of the long side where the {111} poles have spread out along the great circles connecting
the north and south poles. The remaining two planes ( (1—11—) red plane in Figure 22 and (111—) not
displayed) each have one slip direction at 90˚ with the tensile direction (again no slip is possible
in this direction) and two slip directions making angles of 30˚ with the tensile axis. When slip
occurs the slip direction rotates towards the loading axis. The pole figure seems to display a higher
concentration of {111} poles in the middle of the stereographic projection for the region subjected
to shear stress. With two slip systems competing the resultant net force will cause a rotation of the
{111} planes towards the (100) stereographic position. From multi-axial deformation samples,
combined effects from torsion and tension can be observed in the obtained pole figures.
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Figure 22: (a) (-1 1 -1) plane shown in red (b) (1 1 1) plane shown in orange

Conclusions
Stress-strain behaviors were obtained for tensile and torsion loading of AA6061 samples. Yield
stress values, both in tension and torsion, of fire-damaged samples show significant reduction (~
60%) when compared to undamaged samples. Tensile and shear modulus values were unaffected
by the simulated fire exposure conditions. Deformation measurements were carried out using
rosette strain gages and the 3-D digital imaging correlation approach, and the strain data agree
well. Imaging correlation exclusively was used to capture strain data for multiaxial deformation
behavior. Beta tests for fire exposed material showed no significant reduction in axial yield stress
compared to pure tensile loading for same condition samples. As received material displayed a
reduction in axial yield stress for beta tests. Due to the geometry of samples used and non-uniform
strain and stress distribution across the sample cross-section, conventional yield criteria do not
accurately predict yield for complex loading solely based on axial yield stress. For the two stress
paths implemented in this study, the initial grain size, texture, residual stress state and post-fire
exposure conditions of the samples were such that they did not reveal any strain localizations, thus
validating established techniques to model these materials using continuum mechanics based
constitutive models for solving boundary value problems.
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CHAPTER 3: MICROSTRUCTURAL CHARACTERIZATION OF FIRE-EXPOSED
6061 ALUMINUM UNDER TENSION USING IN-SITU NEUTRON DIFFRACTION
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Abstract
As part of a larger US Navy study characterizing mechanical properties of various aluminum alloys
subjected to different fire exposures, monochromatic neutrons were used to investigate hkl
behavior of fire exposed AA6061 aluminum during tensile loading. The deformation behavior of
structural 6061 aluminum that is of interest to US Navy is investigated at the microstructural level.
Fire damage is simulated under controlled conditions. From previous experiments it is known
aluminum has significant mechanical property loss after being subjected to temperatures resulting
from a fire environment. Behavior of fire-exposed 6061 FCC aluminum under continuous tensile
load is studied using in-situ neutron diffraction to measure induced tensile strain, based on (hkl)
lattice space changes. Samples are plastically deformed at a slow deformation rate and changes in
d-spacing of the (220), (311) and (400) planes are measured. A 70% loss in material strength was
observed with yield strength for as received material reducing from 310 MPa to 95 MPa for fireexposed samples. Measured lattice specific moduli show (220) and (400) planes experienced a
stiffness reduction after fire exposure. Additional diffraction measurements during thermal loading
reveal the (311) reflection is vastly unaffected during material recrystallization while the (220) and
(400) planes are significantly affected by the loss of strengthening due to precipitate evolution
with fire damage.

55

Introduction
Aluminum is of interest to the navy for its mechanical properties, light weight and recyclability.
Different alloys have specific areas of application depending on the characteristics induced by
alloying materials. Alloys from the 6xxx series rely on magnesium and silicon as the primary
alloying agents; they find use in a wide range of applications from the automotive, aircraft and
marine industries to hospital and medical equipment [61]. The alloy of choice for this study is the
AA6061. AA6061 is a precipitate hardened alloy where alloying and parent atoms congregate to
form a secondary, distinct but coherent phase with the original matrix. Strengthening is affected
by precipitate size, shape and average inter-precipitate distance. Its composition is shown in Table
2 [62]. The 6xxx series generally exhibits good strength, corrosion resistance and ease of
workability however, the significant degradation of mechanical properties with fire damage is a
concern for applications in military naval structures. Previous studies have been carried out to
asses material properties of AA6061 under various thermal and mechanical loading conditions.
The strength of alloys AA6061-T6 and AA7075-T73 after fire-exposure at different temperature
was investigated. Effects of cooling by air or water jet were also explored. The strength of AA6061
was found to decrease significantly when temperatures exceeded 300˚C [14]. Finite element
modeling was employed to predict effects of temperature on AA6061 and predicted maximum
temperature profile served as input for subsequent model predicting mechanical response post-fire
exposure Maximum temperature profile was found to be one of the most significant parameters to
consider compared to others, such as duration of exposure or heating rate, for reduction in
mechanical property prediction [63]. Summers et al. provided a comprehensive summary of
behavior during and after fire exposure for aluminum alloys AA6061 and AA5083 [11, 60].
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Table 2: Chemical Composition of aluminum alloy AA6061
Component

Weight %

Al

95.8-98.6

Mg

0.8-1.2

Si

0.4-0.8

Cr

0.04-0.35

Mn

≤ 0.15

Ti

≤ 0.15

Cu

0.15-0.4

Zn

≤ 0.25

Fe

≤ 0.7

Other, total ≤ 0.15

Techniques used for the aforementioned studies included discrete surface measurements
(electronic extensometer, LVDT and strain gages), non-contact measurements (3D DIC), and
microscopy. Neutron diffraction complements data acquired through these means by providing a
non-invasive approach to characterize individual lattice plane response in a polycrystalline
material. With neutron diffraction it is possible to penetrate most structural materials of interest.
The penetration depth is generally of several millimeters to a few centimeters and allows for the
probing of the bulk behavior of materials as opposed to x-ray techniques that typically explores
just the surface due to its low penetration depth [36, 64]. With the higher penetration depth of
neutrons, relatively large samples can be subjected to complex mechanical loads or environments
while still obtaining bulk diffraction data [65-68]. Neutron diffraction has been used to investigate
properties of various materials such as steel, cementite and magnesium alloys; it served as a tool
to provide experimental data on lattice strains during controlled loading for comparison with selfconsistent models (polycrystal deformation, self-consistent Hill–Hutchinson, elasto-plastic self-

57

consistent models) [41, 42, 69]. Neutron diffraction techniques were employed in the experiments
reported herein to observe behavior and changes (with fire exposure) of aluminum at the
microstructural level and their relation/contribution to failure mechanisms and macro degradation
of mechanical properties. In-situ neutron imaging has been used extensively to measure strains
based on changes in inter-planar spacing. Typically such studies were carried out by measuring dspacing at fixed loads and stepping through a set of fixed stress values [68, 70]. Although these
methods allow for better statistics from scattered neutrons, they are susceptible to creep in the
material under investigation. The aim of this study was to observe d-spacing well into the plastic
region avoiding creep within the material. With these experiments, we have demonstrated for the
first time capability of the E3 instrument to measure lattice strains as a function of applied stress
while the specimen is subjected to tensile loading in continuous mode. A fundamental
understanding of AA6061 alloy on its deformation behavior at room temperature under continuous
tensile deformation and the effect of fire exposure leading to dramatic loss of strength was studied
in this beam time. Using this data, authors will be able to provide validation data for fundamental
behavior models for obtaining response of structural alloys under post fire conditions which is
important to the structural materials community.

Theory
Mechanics
Assuming conditions of uni-axial tensile loading stress and strain in the material under testing are
related by Young’s modulus E:
𝜎 = 𝐸𝜀
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Young’s Modulus can be determined from the slope of the linear portion of the stress strain curve.
Testing is carried out well into the plastic region. The yield point, where plastic deformation is
permanent, is determined from the intersection of the original stress strain curve with the straight
line obtained from a 0.2% offset of the linear portion of the stress strain curve.
Neutron Diffraction
Taking advantage of the wave particle duality of neutrons, the diffraction phenomenon can be used
to investigate the interplanar distance in the crystals of a material. Assuming a coherent,
monochromatic beam of neutrons with wavelength l, is incident on an ordered array of atomic
planes with spacing d a diffracted peak can be generated at a given scattering angle q. Conditions
for scattering are governed by Bragg’s equation:
2𝑑 sin 𝜃 = 𝜆
A change in d-spacing induced by an externally applied load results in a shift of the diffracted
peak. If angular shift is accurately measured, then the d-spacing change can be calculated. Lattice
strain for a given crystal plane 𝜖)*+ , is given by:
𝜀)*+ =

Z
𝑑)*+
− 𝑑)*+
Z
𝑑)*+

For axial loading, a lattice specific Young’s modulus is related to the strain by the following
relation:
𝜎 = 𝐸)*+ 𝜀)*+
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Experimental Method
Instrument Description
The experiment was carried out at the Neutron Residual Stress/Materials diffractometer (E3). This
instrument is located at the thermal beam port T2 of the medium flux research reactor BER II, at
the Helmholtz-Zentrum Berlin (HZB) laboratory in Berlin, Germany. E3 makes use of a siliconcrystal monochromator to produce a neutron beam with wavelength of 1.486Å and flux of
~5 × 10› 𝑛⁄𝑐𝑚G 𝑠. The beam is guided by an interchangeable primary slit system which allows
selection of the desired beam cross-section area. The scattered neutron beam is collected by a
secondary slit (also interchangeable slit system). The three-dimensional intersection between the
cross sections of the primary and secondary slits generates the diffraction gage volume. Neutrons
collected at the secondary slit, are recorded by a 30 × 30 𝑐𝑚G square-shaped Position Sensitive
Detector (PSD) with high resolution over a small range in scattering angle 2𝜃. For neutron
measurements on a relatively small volume in space, sample alignment is critical. For this purpose
E3 is equipped with a high precision stage providing translational motion in three dimensions
(x,y,z) as well as rotational motion Ω in the xy plane. For in-situ loading experiments, a portable
high capacity load frame, developed at the University of Tennessee in collaboration with HZB,
was mounted on the high precision stage. Changes in d-spacing were measured along the loading
direction so the sample and load frame were aligned to bisect Ω (the angle between the incident
and diffracted beam) as shown in Figure 23.
Sample Description
Dog-bone shaped samples were cut from plates of 6061 aluminum exposed to fire. Three samples
were prepared from each plate (undamaged, fire-exposed at 400 °C, fire-exposed at 500 °C).
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Figure 23: Top view of experimental setup at E3 with load frame mounted on the
instrument stage

Samples occupy approximately a volume of 25.4 × 9.9 × 104 𝑚𝑚L . The gage section, made
narrower to ensure all applied tensile load appeared at the center of the gage section, had
dimensions of 6.3 × 9.9 × 35 𝑚𝑚L . Using primary and secondary slits of 6 × 6 𝑚𝑚G , a gage
volume of ~216 𝑚𝑚L was obtained with the sample mounted as shown in Figure 24.
Tensile Loading
Each sample was loaded in tension to achieve a strain of ~10%. Continuous loading was applied
at a slow deformation rate of ~ 8um/min. Stress and deformation were recorded before and after
each neutron measurement. With the slow deformation rate, the stress change was ~1.0 MPa or
less during the count time for an individual measurement. Depending on the hkl studied, count
time varied between 20 and 40 seconds. The observed hkls were the (311), (220) and (400). For
these hkls the detector was placed at 2𝜃 angles of 75°, 65° and 95° degrees respectively.
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Figure 24: (a) Dog-bone sample model and dimensions (b) Experimental setup at E3
showing slits, sample and gage volume

Thermal Expansion
Taking advantage of the ability to establish a thermal sample environment while still collecting
neutron diffraction data, a 1 cm3 AA6061 cube was cut from the plate used to machine as received
sample and, with an appropriately developed holder, was placed in a furnace on the instrument
stage. The thermal loading path was executed by a coded macro and diffraction measurements
were acquired for multiple reflections as temperature went from 25˚C to 500˚C. For better
resolution, smaller temperature steps were used from about 250˚C to 400˚C
Data Acquisition
Using StressTex Calculator, a computer program developed at HZB, the two-dimensional images
of the diffracted neutron beam were integrated to generate a peak plot. Using algorithms to reduce
background noise and accurately determine peak position, data sets can be exported as tabulated
data files where results are given in terms of theta angles for each stress state. d-spacing can then
be calculated using Bragg’s law since 𝜃 are 𝜆 known from experimental setup.
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Results
From load frame and strain gage measurements, as received samples were found to have a Young’s
modulus of 69 GPa and a yield stress of 314 MPa. Fire-exposed samples showed a Young’s
modulus of 64 GPa (it should be noted that not many points were available in the elastic region of
the stress-strain curve of fire-exposed samples) and yield stresses of 105 MPa (fire exposure 400
˚C) and 96 MPa (fire exposure at 500 ˚C). The yield stress was determined by the 0.2% offset of
the linear portions of the stress-strain curve. Example stress strain curves for as received and fire
exposed materials are shown in Figure 25. Overall, yield strength reduced by 69% in the case of
the most heavily damaged samples. Determined moduli and yield stresses are summarized in Table
3. Obtained neutron diffraction data allows authors to relate stress, strain and lattice-specific strain
during continuous plastic deformation. Plots of stress vs lattice strain and strain vs. lattice strain
are shown in Figure 26. From the linear portion of the stress vs lattice strain curve, lattice specific
Young’s Moduli are obtained. Fire-exposed materials seem to display a more anisotropic behavior
as a greater stiffness variation is observed. Lattice specific moduli are summarized in Table 4. For
as received material, strain vs. lattice strain plots show that once the material yields, significant
slipping occurs and no noticeable increase in lattice strain is observed. The relationship is linear
up to approximately 0.4% strain. When the samples deviate from linear behavior the (220)
reflection has sustained the least amount of strain at 0.36% lattice strain, followed by the (311)
reflection at 0.39% lattice strain and the lastly the (400) at 0.43% lattice strain. Samples exposed
to fire at 400 ˚C deviate from linearity at approximately 0.1% strain, while samples exposed to fire
at 500˚ C show even earlier yield at about 0.06% strain.
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Figure 25: Example stress strain curve for as received and fire exposed AA6061

Table 3: Summary of Young's moduli and yield stresses for samples used in insitu neutron
diffraction measurements
Modulus E [GPa]

Yield stress [MPa]

As received

72.1

66.7

66.8

314

310

317

400 ˚C

61.3

67.5

62.1

112

104

100

500 ˚C

67.2

60.0

63.6

93

95

100
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Figure 26: Summary of stress and macro strain vs lattice strain for hkls of interest

Table 4: Summary of lattice specific moduli for reflections of interest in as received and
fire-exposed material
As received
400 ˚C
500 ˚C

hkl (311)
72.6
77.5
83.1

hkl (220)
74.7
51.9*
61.3

hkl (400)
70.9
67.4
65.0
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For fire exposed samples fewer data points are available and it is not easy to identify and
differentiate where lattice strains deviate from linear behavior; however, it can be seen that
generally lattice strain for all reflections continues to increase. Stress vs lattice strain plots confirm
that for as received samples, once material yields there is little to no stress and lattice strain
increase. Diffraction data collected subsequent to yielding shows a cloud of points around the yield
stress point. Data from the furnace diffraction measurements reveals significantly different
responses from the various reflections. hkl (311) appears to be minimally affected with thermal
strain and temperature maintaining a linear relationship [71]. The (222) and (400) reflections show
deviation from linearity from approximately 250˚C to 360˚ and then return to their previous linear
behavior. Data from the (220) reflection is not very conclusive with more scatter across the entire
thermal loading cycle however it can be seen that after the 250˚C – 360˚C phase of increased noise,
(220) lattice strain displays a downward trend of reducing strain with increasing temperature.
Figure 27 summarizes evolution of hkl of interest with temperature.
Discussion
Elastic Region
Lattice specific moduli for as received material are close to each other ranging in values from 70.9
GPa to 74.7 GPa. Fire Exposed samples exhibit a wider range of stiffnesses (67.4 GPa – 77.5 GPa
for 400˚C samples, 65.0 GPa – 83.1 GPa for 500˚C samples) with the (311) reflection increasing
in stiffness after fire exposure while stiffness values for (220) and (400) reflections reduced.
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Figure 27: Summary of lattice strain evolution with thermal loading

Continuous Plastic Deformation
Plastic deformation of as received material shows little or no hardening occurs after yielding. This
behavior is captured by neutron diffraction data for all investigated reflections. Once yielding
occurs both stress and lattice strains show little change while the sample continues to sustain
macroscopic deformation. Strengthening in precipitation hardened alloys is primarily due to
interaction of precipitates with dislocations. Fisher et al. [72] proposed a model where dislocation
lines propagating through the lattice encounter precipitates and dislocation loops are formed
around these particles. The stress induced in the rest of the lattice from these dislocation loops is
responsible for material strengthening. Strengthening depends on inter-precipitate spacing and
size; precipitates are grown to optimal size for peak material strengthening. Once sufficient
external load is applied and precipitates are sheared, dislocation motion occurs largely un-impeded
[73]. Fire exposure causes coarsening of precipitate phase leading to easier dislocation and plastic
deformation. Differential Scanning Calorimetry measurements show that transitions related to
changes in the precipitates take place between 200˚C and 400˚C for Silicon Magnesium based
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aluminum alloys [74-76]. From diffraction data obtained during furnace measurements, the
different response from various planes of interest shows that precipitates contribute to
strengthening in particular directions, indicating likelihood of preferred particle orientation [74,
77-79]. For fire damaged samples, yield strength reduces due to coarsening of precipitate phase
and inability to prevent dislocation motion [60]. In these samples, stress continues to rise with
increasing strain subsequent to yielding, indicating mechanisms typically associated to strain
hardening are taking place. Upon yielding, precipitates are sheared, and uneven strain distributions
occur within the diffraction gage volume. Sharp increase of Full width at half maximum (FWHM)
post yield reveals occurrence of Type II and Type III micro-stresses [71, 80]. Intensity variations
suggest increasing number of (311) and (400) planes contributing to diffraction while on the other
hand the (220) family of plains experiences a significant drop in intensity. Similarly, FWHM
increases for fire-exposed samples however increase is very moderate when compared to as
received material. Sub-grain level strains are present but with the precipitate phase no longer
contributing to hardening, FWHM increase is likely due to grain boundary effects.
Thermal Expansion
D-spacing change with temperature is expected due to linear expansion however, in an alloy such
as AA6061, precipitate evolution has to be accounted for. From literature, precipitate evolution
occurs from approximately 250 to 400 ˚C [60]. From insitu diffraction results, it would appear
only certain planes are affected by precipitate evolution. Their evolution with increasing
temperature is shown by linearity disruption of the (222) and (400) d-spacing with temperature
while the (311) reflection indicates the precipitates lie and evolve along a direction that leave the
(311) plane largely unaffected. The rolled plate has some initial texture as shown from multi-axial
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deformation experiments; these measurements indicate precipitates have a non-spherical shape and
lie along a preferred orientation in the material microstructure.
Conclusions
Continuous tensile loading with in-situ neutron diffraction was carried out to obtain lattice
dependent strains. Material showed loss of strength with an approximate 70% reduction in yield
from 310 MPa for as received material to 95 MPa for material exposed to fire at 500˚C. Lattice
specific moduli revealed increase anisotropy subsequent to fire damage. Thermal expansion data
shows the (311) reflection maintains a liner relationship with temperature as opposed to other
reflections where thermal expansion data becomes noisy in the temperature range corresponding
to recrystallization. This reveals preferred precipitate orientation with the (311) plane being
unaffected during precipitate evolution. (220) and (400) reflections see the largest stiffness
reduction with fire damage showing they are strongly affected by loss of precipitate strengthening.
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CHAPTER 4: DEGRADATION AND ONSET OF PLASTIC ANISOTROPY IN
MARINE ALUMINUM ALLOY DUE TO FIRE EXPOSURE BY BULK NEUTRON
DIFFRACTION AND IN SITU LOADING
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This chapter is based on a paper published by Stephen Puplampu and Dayakar Penumadu:
S. B. Puplampu D. Penumadu, R. Ma, T. J. Truster, R. Woracek, A. Payzant, J. R. Bunn,
"Degradation and onset of plastic anisotropy in marine aluminum alloy due to fire exposure by
bulk neutron diffraction and in situ loading," Materials Science and Engineering: A, vol. 700, pp.
583-591, 2017. My contributions include experiment planning and data acquisition, data
processing and most of the writing.
Abstract
In this paper, the degradation of mechanical properties of marine structural aluminum alloy
AA5083 and onset of lattice plastic anisotropy subsequent to fire exposure is investigated. For as
received and fire-exposed samples, microstructural characterization is carried out and changes in
lattice specific strain responses under step and continuous axial deformation are studied using bulk
neutron diffraction. Peak fitting of raw data yields d-spacing values of reflections of interest and
allows for lattice specific strain calculations. A reduction in yield stress from 260 MPa in the as
received material to 120 MPa in the fire-exposed sample is observed. As received material exhibits
dynamic strain aging during plastic deformation; this is captured in neutron diffraction
measurements. Larger peak broadening for as received material indicates possible presence of
Type II and III residual stresses due to intergranular stress or dislocation stress fields. Stress vs.
lattice strain plots show large deviations from linearity post-yield for fire-exposed samples. This
is due to strain redistribution among grains as well as grain reorientation. After fire exposure
dynamic strain aging does not occur, but individual lattice planes reveal plastic anisotropy in their
response to plastic deformation. Results from neutron diffraction, combined with electron
backscatter diffraction characterization, provide insight into the yielding mechanisms of AA5083
and effects of fire exposure.
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Introduction
Background
The material studied herein is an aluminum alloy, AA5083, of interest to the US Navy for use in
naval structures. Compared to other alloys such as the AA6061 alloy (also used for naval structural
purposes), AA5083 contains a higher percentage of magnesium and is known for its resistance to
corrosion in harsh environments such as seawater [81, 82]. AA5083 is a solid solution strengthened
alloy and generally displays good weldability and retains strength and toughness properties of
parent material [83-85]. Introduction of Magnesium, as is the case with other aluminum alloys of
the 5000 series, vastly improves mechanical properties and yield stress of pure aluminum [86].
The main alloying elements of AA5083 aluminum are Magnesium and Manganese; detailed
chemical composition is shown in Table 5 [62]. Structural materials in naval vessels are subjected
to complex thermo-mechanical processes (high temperatures, multi-axial loading involving
rotation of principal stresses). Several processing factors involved with the manufacturing and
machining of these alloys such as rolling procedure and machining/joining conditions play an
important role in how the material responds to loading conditions and fire exposure. Past studies
on AA5083 examined the effects of heat sensitization on corrosion resistance and mechanical
properties. For these tests, samples were subjected to temperatures ranging from 100˚C to 200˚C.
Data was acquired by a variety of methods including scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS) and hardness measurements, finding that reduction in
strength and hardness was due to recrystallization and decrease in concentration of Mg atoms [87].
Similar studies looked at the effects of strain rate and constituent particle size at elevated
temperature in AA5083 [88] as well as corrosion-fatigue behavior [89].
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Table 5: Chemical composition of aluminum alloy AA5083

Component
Al
Mg
Si
Cr
Mn
Ti
Cu
Zn
Fe
Other

weight %
92.4-95.6
4.0-4.9
<0.40
0.05-0.25
0.40-1.0
Max 0.15
Max 0.10
Max 0.25
Max 0.40
Max 0.15

Samples were loaded in tension to desired stress and then quenched. Microstructure evolution was
assessed by electron backscattter diffraction (EBSD) for grain size and texture. Authors found
recrystallized grains had random texture while grains that had not undergone recrystallization
presented strong texture. Others investigated residual properties as influenced by heating rate and
final temperature. Residual mechanical properties were measured during uniaxial tension tests by
strain gages and 3D imaging correlation. Similarly, property degradation was attributed to grain
recrystallization and removal of dislocations [60]. Fire exposure in ship structures is an important
consideration and thermal effects associated with fire exposure and subsequent fire suppression
agents lead to degradation of its mechanical properties. When inspecting mechanical properties of
textured materials, specific crystallographic lattice plane response to applied loads can reveal
crystal anisotropy leading to preferred failure modes [41]. While x-ray diffraction is a preferred
method for surface measurements of lattice strains, neutron diffraction is very effective for
evaluating the strain in the bulk of the sample due to the ability of neutron radiation to have high
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penetration of common structural alloys. Neutron diffraction has been used extensively to probe
materials' atomic planar spacing (d-spacing) changes for various crystallographic planes under
applied loadings [41, 42, 68, 90]. For example, the lattice strain response has been investigated for
tensile loading of annealed aluminum 2 percent magnesium alloy showing an isotropic response
in the elastic region [70]. In the present study, the effect of fire (simulated by high-temperature
exposure and subsequent quenching) on the mechanical properties of the aluminum 5083 alloy (44.9% magnesium) was probed by in-situ bulk neutron diffraction under continuous tensile loading.
For these experiments, thermal neutrons were used. In general, the thermal neutron source is
typically a reactor (as opposed to a spallation source for pulsed neutrons) which provides a
continuous, high flux, beam of neutrons with a wavelength of choice (desired wavelength is
selected by way of a tunable monochromator). Using thermal neutrons generally allows probing
only a single reflection at a given time but on the other hand due to the high flux available
acquisition times are greatly reduced and materials can be subjected to dynamic, time-dependent
tests. For a more comprehensive study, mechanical tests were repeated using different instrument
parameters to investigate behavior of additional reflections. As received material and fire-exposed
samples were subjected to a series of uni-axial deformation tests employing step loading to
determine lattice specific elastic moduli and then, as a novel procedure, continuous axial
deformation tests beyond elasticity into the plastic region of the stress-strain curve. The purpose
is to characterize lattice strain response and associated differences due to fire damage. After
mechanical testing, texture and microstructural changes were assessed ex-situ by EBSD and EDS.
Data presented in this paper is used to develop a crystal plasticity finite element based model
accounting for grain orientation and texture to consider meso-scale effects [91].
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Theory
In neutron diffraction measurements, lattice strain information is obtained from Bragg’s law:
2𝑑 sin 𝜃 = 𝜆
The diffraction instrument generates a monochromatic neutron beam with wavelength l which,
upon interaction with the polycrystalline material under study, diffracts by specific scattering
angles q based on material properties, in particular the spacing of lattice planes d.
Z
Reference d-spacings for hkls of interest, 𝑑)*+
, will be measured at a seating tensile load which

effectively will act as a “zero load” reference. With increasing loads d-spacing changes are
progressively measured. Lattice strain, ε(hkl), can then be computed from equation Eq. 18:
Z
For a reference spacing for a given plane 𝑑)*+
corresponding to initial state prior to application of

external loading; lattice strain, ε(hkl), and lattice specific moduli, E(hkl), are obtained based on
equations Eq. 18 and Eq. 19 respectively:
𝜀)*+ =

Z
𝑑)*+ − 𝑑)*+
Z
𝑑)*+

Eq. 18

From the linear portion of the stress-strain curve a lattice specific modulus can be obtained:
𝐸)*+ =

𝜎
𝜀)*+

Eq. 19

Experimental Method
Overview
For the reported measurements in this paper, hkls of interest were (311), (222) and (400). Behavior
for these reflections has been investigated in the past, for a different aluminum alloy, to determine
how they are influenced by intergranular strains [90]. Probing the mechanical properties of
structural alloys beyond elasticity into the plastic region by using time of flight neutron diffraction,
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step loading was employed for a magnesium alloy [42]. In the present research, tests were
conducted using a high flux thermal neutron source allowing d-spacing measurements semicontinuously for insight into the dynamic evolution of the material’s microstructure; authors’
interest was in the comparison of the yield process between as received material samples and fireexposed samples. During neutron diffraction measurements testing was carried out using a custom
developed portable mechanical loading system, capable of applying tensile (up to 22kN) and
torsional (up to 112Nm) loads [92, 93]; the macroscopic stress-strain behavior, including plastic
deformation, was monitored subsequently during separate tests using VIC-3DÔ, a digital image
correlation (DIC) system for on specimen strain mapping [22]. Macroscopic Young’s modulus E
was calculated from the linear fit of the elastic region of the stress-strain curve and yield stress σY
was determined using a 0.2% offset of elastic response.
Sample Description
Dog-bone shaped samples were obtained from AA5083 plates; all samples were machined along
the rolling direction. The sample dimensions are shown in Figure 28(a). Four samples were
conditioned at 400˚C for 30 minutes in a furnace and then water-quenched to simulate effects of
fire damage and fire suppression agents.

Figure 28: (a) Sample model (b) Instrument stage showing Z elevator, and load frame
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Instrument Description
Authors carried out measurements at the Neutron Residual Stress Mapping Facility (NRSF2)
located at the HB-2B thermal port of the High Flux Isotope Reactor (HFIR) at the Oak Ridge
National Laboratory (ORNL). NRSF2 makes use of a tunable monochromator system to generate
a monochromatic neutron beam with available wavelengths ranging from 1.45Å to 2.67Å and flux
of ~3 × 107 n/cm2/s. The incident and diffracted slits are customizable to achieve desired gage
volume. Scattered neutrons are collected by an array of 7 Linear Position Sensitive Detectors
covering a 34˚ range (±17˚) out of the diffraction plane. The sample platform is built on a stage
capable of motion in the X and Y directions as well as omega Ω rotation (Figure 29(b)). Vertical
Z motion is implemented by the integration of a custom Z stage elevator. The portable load frame
was mounted horizontally on the instrument stage (Figure 28(b)) and authors integrated its
controlling hardware and software with NRSF2 to enable control of mechanical loads and
automated neutron diffraction measurements from the instrument workstation.
Alignment and Neutron Diffraction Measurements
Neutron scans in the X and Y directions were carried out using a pin mounted in the center of the
stage prior to mounting the load frame. After precisely aligning the pin, its location in space was
referenced using a system of three theodolites. The sample (mounted in the load frame) was
marked in the center of its gage section and aligned using the reference theodolites. A refined
alignment was made with neutron scans from edge to edge along the width of the sample. The
sample was in the plane of the incident and diffracted beams as shown in Figure 29(a) and using
the tunable monochromator, the d(311), d(222) and d(400) interplanar spacings were probed with
scattering angles 2q close to 90˚.
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Figure 29: (a) Schematic representation of sample, neutron beam and detector bank, and
the load frame (b) detail showing the orientation of diffraction vector

Strain resolution is higher at narrower 2q angles; however, such angles produce an elongated,
diamond-shaped gage volume which probes strains from a wider sample region. Additionally, at a
narrow 2q angles, the diffraction cone projection on the detector appears as a curved line whereas
for 2q ~ 90˚ the Debey-Scherrer cone becomes a vertical disk making integration of out of plane
diffraction data less prone to error [71]. Table 6 summarizes settings used for each diffraction
measurement to measure target hkls. For various hkls, the stage and detector bank were rotated to
W and 2q values to keep the sample’s axis aligned with the diffraction vector thus always
measuring d-spacing changes along the direction of applied load. A schematic representation
showing the sample, instrument axis, angles and gage volume defined by incident and diffracted
slits is shown in Figure 29(b). Authors chose data acquisition time (per data point) based on
scattering intensity of the reflection of interest, and pseudo-Voigt fit to raw data was implemented
to determine peak position intensity and width.

78

Table 6: List of hkls, instrument and stage angles, and neutron beam wavelengths used

(311)

(222)

(400)

2θ

89˚

94˚

90˚

ω

134.5˚

137˚

135˚

l

1.73 Å

1.73 Å

1.45 Å

Mechanical Loading
Elastic Response: Authors subjected samples to 4 elastic load/unload cycles. During these cycles
when the target stress states were reached, the deformation was halted to keep the desired stress
amplitude constant for the duration of the neutron diffraction measurement; step size was ~5 MPa.
As received alloy based samples were subjected to a maximum tensile stress of 200 MPa while
samples exposed to 400 ˚C were loaded to a maximum stress of 90 MPa to ensure the maximum
stress remained within elastic limits.
Plasticity Behavior: After investigating the material’s elastic response, plastic deformation was
applied to the samples at a slow and constant tensile displacement rate of 8 µm/min (strain rate ~
0.0004%); for these measurements at slow tensile rate, axial stress values varied only slightly
during individual diffraction peak measurements. Samples were deformed to a target total tensile
deformation ranging between 3 to 5 mm. Axial load was then brought back to seating stress and
d-spacings were measured at a few points on the unloading curve.
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Results
Macroscopic Stress-Strain Curve
From VIC-3Dä measurements (the setup with portable load frame and DIC is shown in Figure
30(a)), the macroscopic Young’s modulus was found to be 66.9 GPa with a yield stress of 260
MPa for the as received material. The fire-exposed sample showed a Young’s modulus of 68.5
GPa and a yield stress of 120 MPa. These results are comparable with values found in literature
[60]. The strength reduction is associated with coarsening of grains with recovery of dislocation,
depletion of α-phase of Magnesium from the precipitation of Al2Mg3 β-phase. Data from DIC
comparing stress-strain curves are summarized in Figure 30(b).
Elastic Load/Unload Cycles, Step Loading
From the elastic load/unload cycles, the hkl specific Young’s Moduli are determined. An example
of stress vs. lattice strain for the (222) hkl of as received material is shown in Figure 31. Obtained
values are comparable to results from literature [70] and are presented in Table 7.
Dynamic Strain Aging
During plastic deformation (at a constant rate of 9µm/min) of as received material samples,
dynamic strain aging (DSA) was observed with the stress-strain curve showing a saw-toothed
shape as seen in Figure 32.
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Figure 30: (a) Experimental setup showing portable load frame and VIC-3DÔ DIC system
(b) Stress-strain curve of as received and fire-exposed Aluminum 5083 subjected to tension

Figure 31: Detail of stress vs. (222) lattice strain for as received material sample
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Table 7: Tabulation of Young’s Modulus values for various hkls. Units: GPa

(311)

(222)

(400)

As received Material

74.59 ± 1.30

76.24 ± 0.74

76.39 ± 2.37

Fire-exposed (400˚C)

72.69 ± 2.41

75.87 ± 3.11

71.93 ± 1.90

Figure 32: A detail of the stress-strain curve with a superimposed lattice strain vs. strain
curve for the same stress range
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Continuous Plastic Deformation
As received material samples: A plot of macro strain against lattice strain (Figure 33(a)) shows
response of three hkls to applied load. D-spacings show linear behavior up to ~3500 microstrain
(tensile stress = 265 MPa); plasticity onset shows a distinct slope with sharp decrease in lattice
strain for a comparable macro strain. Slopes in the plastic region remain similar to each other for
different hkls. Fire-exposed (400˚C) samples: for these samples, the lattice strain response (Figure
33(b)) of the three hkls remains linear up to 1400 microstrain. At this point, the (400) lattice plane
family is the first to exhibit a slope change. At approximately 1500 microstrain, strain
corresponding to the (311) lattice plane family ceases to increase until macrostrain increases
beyond 4500 microstrain, when the lattice strain increases again approximately linearly. The strain
corresponding to the (222) lattice planes remains linear up to ~1600 microstrain. The transition
into the plastic regime is smoother than the ones observed for (400) and (311) planes. D-spacings
d(311) and d(222) were measured during the same tension measurement by alternating detector
position (and corresponding W angle) to measure (311) and (222) peaks. When plotting the
macroscopic stress vs. lattice strain, trends from as received material and fire-exposed samples
display a similar behavior (Figure 34). However, strains are more uniform in the fire-exposed
treated sample, and Figure 34(b) allows a clearer understanding of the yield process. In particular,
we focus on the region where the hkl specific strains deviate from linearity. Scatter in the
diffraction data is reduced for fire-exposed samples due to lack of serrations in the plastic region.
Before yielding, a linear relation between applied stress and lattice strain. Just above 100MPa the
(400) plane is the first to deviate from linear behavior; for an increase in stress, strain increases at
a much slower rate up to ~120MPa, then the slope of the curve returns close to its pre-yield value.
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Figure 33: A plot showing hkl response to engineering macro strain for (a) as received
material samples and (b) fire-exposed (400˚C) samples

Figure 34: Stress vs. lattice strain for (a) as received material sample and (b) fire-exposed
sample
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At an axial stress of ~114 MPa, (311) shows no increase in lattice strain for a corresponding stress
increase, and on the other hand the (222) planes show an increase in strain with no significant
stress change. Shortly after, at approximately 120 MPa, both hkls return to similar strain to stress
dependency. Behavior of (311) and (222) planes in samples exposed to 400˚C, shown in Figure
34(b), indicates that when more compliant planes (such as the (311) and (400) planes) yield, the
load bearing is shifted to other planes where slipping is yet to take place [69]. A similar behavior
is observed in an in situ neutron diffraction study of interstitial-free steel [94]. A comparison of
curve slopes pre and post-yield is shown in Table 8. Peak intensity (in both fire-exposed and as
received material samples) changes for differing hkls. Figure 35 shows the (311) and (400) planes
decrease in intensity while intensity increases for the (222) reflection. After yield, as shown in
Figure 36, Full Width Half Maximum (FWHM) increases with plastic deformation for all
reflections due to increase in defects and dislocations.
Electron Backscatter Diffraction and Energy Dispersive Spectroscopy
EBSD maps were obtained at resolutions of 400 to 500 by 300 to 375 pixels. Beam voltage was
20 kV and exposure time ranged between 7 and 14 milliseconds for various maps. Due to grain
morphology as received material returned a higher percentage of zero solutions. Grains were
highly elongated and extended beyond the scope of the map. Imaging of the fire-exposed samples
was less challenging; average grain size was found to be 15.6 µm and 42.5µm for strained and
unstrained samples respectively. EDS revealed the presence of Manganese/Iron and
Silicon/Magnesium precipitate sites.
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Table 8: Slope of stress strain curve pre-yield and post-yield

Pre-yield
Post-yield

Continuous loading
As received material
Fire-exposed (400 ˚C)
As received material
Fire-exposed (400 ˚C)

E(400)
76.12
77.02
51.26
65.03

E(222)
74.76
70.49
57.32
65.65

E(311)
73.83
75.53
64.24
70.24

Figure 35: A plot of peak intensity variation with applied axial stress
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Figure 36: Plot of FWHM variation with applied stress

Discussion
Elastic Load/Unload Cycles, Step Loading
For step loading, values and errors were determined from finding the average values of modulus
and intercept (seating stress) plus or minus one standard deviation (SD). The continuous lines in
Figure 31, encompassing data points are obtained by using the maximum (Ehkl + SD, Intercept +
SD) and minimum (Ehkl - SD, Intercept - SD) Ehkl and seating stress values respectively.
For both as received and fire-exposed material, lattice specific elastic moduli are very close to each
other indicating lack of elastic anisotropy for the investigated reflections [70, 71]. In fire-exposed
samples, a slight reduction in modulus (ranging 1-6%) is observed compared to as received
material but considering error values this decrease is practically negligible.
Dynamic Strain Aging
During plastic deformation of as received samples, DSA was observed. EBSD results, shown in
Figure 37 (a) and (c), revealed an elongated grain structure for as received
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Figure 37: Microstructure from (a) unstrained as received material sample, (b) unstrained
Fire-exposed sample, (c) strained as received material sample, and (d) strained Fireexposed sample

samples that transforms to an equiaxed one after fire-exposure indicating recrystallization (Figure
37(b) and (d)). Recrystallization leads to the removal of dislocations hence the absence of DSA
behavior in the stress strain curve for fire-exposed samples. A detailed look at a sub-region of the
stress strain curve in Figure 32 shows the sample displaying type C serrations which typically
occur due to dislocation unlocking at low strain rates [95]. Due to rapid acquisition times for the
311 reflection, dynamic strain aging was captured, in a novel manner, by neutron diffraction during
continuous axial deformation, and overlaid diffraction data closely matches macroscopic stressstrain behavior.
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Continuous Plastic Deformation and Microstructure Analysis
As received material displays nearly isotropic behavior both during elastic and plastic deformation.
The introduction of magnesium and other alloying elements gives rise to DSA and appears to make
material behavior less dependent on lattice orientation during plastic deformation. Stress vs. lattice
strain curves for fire-exposed treated samples show higher deviation from elastic behavior as
compared to as received material samples revealing occurrence of plastic anisotropy. Peak
intensity changes after yield, shown in Figure 35, indicate stress induced lattice rotation during
slip processes [70]. Increase of FWHM for all reflections (Figure 36) is related to growing number
of defects. A steeper FWHM change is observed for the (222) reflection, suggesting that as more
(222) planes align normal to the loading axis, strains become unevenly distributed. For the as
received material in this study FHWM values for each reflection are higher than the corresponding
fire-exposed measured widths indicating larger Type II and III microstresses [71]. Cold worked
metals are known to have a much higher dislocation density as compared to annealed material. In
single crystals dislocation are unevenly distributed with higher density close to the surface [96].
SEM imaging combined with EDS in Figure 38, shows presence of precipitates in as received
material from rolled plate; after fire exposure Manganese/Iron precipitates grow to larger size
while there is a reduction in Silicon/Magnesium sites [87]. EBSD has shown that microstructure
of as received material samples consists of flat, highly elongated grains. Considering the
microstructure of these samples, a high number of dislocations is expected at grain boundaries.
These dislocations may account for the inability of lattice strains to rotate with increasing stress.
Fire-exposed samples, with a lower number of dislocation and a more equiaxed grain structure,
are free to allow rotation of lattice planes thus leading to an increased deviation from linear elastic
behavior after material yield.
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Figure 38: SEM/EDS images of unstrained as received material (a) and Fire-exposed
material (b)

A comparison of unstrained ( Figure 37(a) and (b)) and strained materials ( Figure 37(c) and (d))
reveals strain-induced grain refinement. For as received material grains appears to align further
with loading direction and become thinner in the normal direction while grains in fire-exposed
samples reduce significantly in size. Pole figures obtained from EBSD data are shown in Figure
39. Figure 39(a) displays initial texture due to plate rolling in as received unstrained material;
strained as received material presents a more accentuated texture in Figure 39(c) but overall, grains
maintain a similar orientation. On the other hand, subsequent to fire exposure, texture is
considerably relieved as shown in Figure 39(b) and a new preferred orientation arises after axial
strain Figure 39(d). Plots of misorientation distribution confirm texture for as received material
with a larger fraction of grains having low misorientation angles; on the other hand, misorientation
distributions for fire-exposed samples are closer to what is expected for a cubic polycrystal with
random orientation [97]. The fire-exposed {111} pole figures are consistent with data reported for
typical texture of recrystallized rolled aluminum [96]. Texture studies on AA5083 subjected to
uniaxial tension at various temperatures report similar textures for tensile tests carried out at 535˚C
and a strain rate of 10-1 s-1 [87].
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Figure 39: Pole figures and misorientation profiles of (a) unstrained as received material
sample, (b) unstrained Fire-exposed sample, (c)As received material sample subjected to
axial strain, and (d) Fire-exposed sample subjected to axial strain
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Conclusions
In-situ neutron diffraction to obtain lattice specific strains and moduli for the 5083 aluminum alloy
was carried out in tension. Experiments indicate a degradation in yield stress from 260 MPa to 120
MPa due to fire exposure and subsequent water quenching. Using neutron diffraction and portable
load frame, d(311), d(222) and d(400) interplanar spacings were probed in detail for elastic (pre-yield)
and plastic (post-yield) loading conditions. Dynamic strain aging, exhibited by the as received
marine aluminum alloy and captured for the (311) reflection during in situ measurements,
disappeared after subjecting to fire damage with samples exposed to 400˚C. High frequency data
for stress versus lattice strain curves showed detailed transition from elastic to plastic regions of
the stress-strain curve. In fire-exposed specimen the (400) plane was the first to deviate from linear
behavior. Observed plastic anisotropy (broadening in stress strain curves) during plasticity
evolution is likely due to fewer dislocations and coarsening of strengthening magnesium phases
allowing lattice rotations and strain redistribution. Microstructure analysis shows fire-exposure
affects grain morphology creating a more equiaxed grain structure and a randomized texture while
mechanical loading and plastic deformation lead to a refined grain structure and a preferred texture.
The measurements reported in this paper provide a better understanding of the failure mechanisms
in the AA5083 alloy, allow comparison with other alloys such as the AA6061 alloy, and are of
interest for marine and naval applications. Subsequent finite element modeling will provide a
framework to predict mechanical property degradation and plastic anisotropy in polycrystalline
alloys.
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CHAPTER 5: MULTIAXIAL DEFORMATION BEHAVIOR OF AA5083: EFFECTS OF
SOLUTION HARDENING AND FIRE DAMAGE
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Abstract
In this paper deformation behavior of solid solution strengthened aluminum alloy AA5083 under
complex loading conditions was investigated. This alloy is of interest for naval marine applications
due to its high corrosion resistance. It is however critical to understand evolution of material
properties in the instance of fire damage. Effects of fire damage were quantified by evaluating
material response to these complex loads subsequent to fire exposure at 400˚C. AA5083 showed
a 56% and 37% reduction in tensile and shear yield strength respectively. Digital imaging
correlation was used for strain measurements due to its ability to capture non-uniform strain
distribution which arose in torsional and combined loading testing due to sample shape.
Comparing results with similar testing carried out on a similar precipitate hardened aluminum
alloy, reveals a lower overall strength of as received AA5083 material; subsequent to yield
however, higher strain hardening is observed in this alloy. Mechanical testing ranging from pure
tension to pure torsion with intermediate multi-axial loading steps, characterizes material behavior
and gives insight on response of components under the influence of fire damage and non-uniform
stress conditions.
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Introduction
Aluminum Alloy 5083 (AA5083) is an alloy of interest to the navy for marine applications.
Aluminum alloys are attractive for their light weight and recyclability; this specific alloy presents
additional advantages such as strength retention after welding and excellent corrosion resistance
which is desirable when operating in marine environments [81-85]. AA5083 is a solid solution
hardened alloy with magnesium as the primary alloying agent. Alloying elements replace original
aluminum atoms, causing lattice distortions from atom size variations and introducing strain fields
that impede dislocation motion thus delaying onset of plastic deformation. Chemical composition
of AA5083 is shown in Table 9 [6]. Though these characteristics make AA5083 a material of
choice, it is important to have a complete understanding of material performance under extreme
conditions. In a military naval marine environment, fires are surprisingly common and there is a
need to study degradation of material properties due to fire damage. Effect of fire damage on
structural aluminum alloys has been investigated extensively [8-12, 14]. Reduction of mechanical
strength has been attributed to grain recrystallization and precipitation of magnesium out of the
solid solution state [60, 87].
The majority of reported studies investigate these alloys and residual mechanical properties by
means of tensile testing. A structural component in use, for example in a naval vessel, is likely to
be subjected to more complex loading conditions involving shear stresses. It is valuable to observe
material behavior during combined loading and assessing the material response subsequent to fire
exposure. In this study authors investigate multi axial deformation behavior and effects of fire
damage on the response of aluminum alloy AA5083. Obtained data also serves as a comparison
of effects of solid solution hardening as opposed to precipitate hardening in a similar alloy
(AA6061 with magnesium and silicon as primary alloying materials).
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Table 9: Chemical composition of aluminum alloy AA5083
Component

Weight %

Al
Mg
Si
Cr
Mn
Ti
Cu
Zn
Fe
Other

92.4-95.6
4.0-4.9
<0.40
0.05-0.25
0.40-1.0
Max 0.15
Max 0.10
Max 0.25
Max 0.40
Max 0.15

Samples are machined from AA5083 plates: One plate is maintained in its as received state while
the other is subjected to fire exposure at 400˚C. Mechanical testing will consist of tensile, torsional
and combined tensile/torsional loading on dog-bone shaped samples. In previous studies, authors
established the reliability of digital imaging correlation (DIC) systems for full field surface strain
measurements. DIC measurements can substitute conventional data acquisition methods such as
strain gages and extensometers. The advantage of DIC is the non-contact approach and ability to
record data in high strain or high deformation situations where strain gages may fail, or
extensometers would be unable to fully track sample motion [22, 24-28]. Sample shape plays a
role in response to torsional loading. For tensile measurements, axial stress 𝜎 is related to the
measured strain 𝜀 by 𝝈 = 𝑬𝜺 where E is Young’s modulus. Conventionally circular or thin walled
samples are used for torsion experiments [52] because of the uniformity of induced shear stresses
and the ease of result interpretation. For this study, due to the source material, it was not possible
to obtain samples with a cylindrical cross-section. Dog-bone shaped samples with a rectangular
cross-section were machined and used for testing. For tensile measurements, this does not present

97

additional difficulties however when it comes to torsion testing, assumptions used for torsional
loading of cylindrical samples are no longer valid. Rectangular cross-sections subjected to
torsional loading experience warping and a non-uniform stress/strain distribution across the section
normal to the loading axis [15, 58]. In depth analysis of torsion studies and derivation of
stress/strain distribution equations has been carried out in the study of the Aluminum 6061 Alloy
[Submitted for review]. Shear stress distribution displays absolute maxima at the mid-point of the
long sides and relative maxima at the mid-point of the short sides. The corners and the center
theoretically sustain zero shear stress. The maximum shear stress is given by Eq. 6, where T is the
applied torque, b is the length of the long side, t is the length of the short side and α is an empirical
parameter determined by the b/t ratio.

𝝉𝒎𝒂𝒙 =

𝐓
𝜶𝒃𝒕𝟐

Multiaxial deformation behavior
Combined axial and torsional loading measurements are controlled by keeping a constant axial
force (or axial stress) to torsional torque (or maximum shear stress) ratio. The two quantities are
related by constant b according to Eq. 7.

𝟏
𝜟𝝉𝒎𝒂𝒙
𝒕𝒂𝒏(𝟐𝜷) =
𝟐
𝜟𝝈
Octahedral shear stress and octahedral shear strain are used to describe the state of stress during
multiaxial testing.
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Experimental Method
Samples were cut from plates with a 9.6 mm thickness and were machined along the rolling
direction; the sample gage section was approximately 9.6 x 6.35 x 35 mm3. All mechanical tests
were carried out on an MTS load frame capable of applying tensile and torsional loading. Tensile
tests were performed to a target axial deformation of 1.5mm at a deformation rate of 0.2mm per
minute. For torsion testing, target angle was 15˚ at a twist rate of 3˚ per minute. During torsion
testing, axial stress was kept at approximately 0 MPa by allowing vertical displacement of one of
the MTS arms. Multi-axial tests also had a target axial deformation of 1.5 mm and angle of twist
depended on ratio determined by beta testing parameter. With the ability to program test routines,
axial force was used as a feedback to simultaneously calculate and apply required torque. Tests
were performed for beta values of 15˚ and 30˚. A dual camera system from Correlated Solutions
Ò was used for DIC measurements. The sample surface was prepared by spraying a thin uniform
layer of white paint, overlaid by a random pattern of fine black speckles for best contrast. A closeup of the speckled sample mounted in the MTS load frame and DIC system is shown in Figure
40.
Results
Tension
Tensile measurements for as received material showed a modulus of 67 GPa and yield stress of
261 MPa. Yield stress was determined by intersection the 0.2% offset of the linear portion of the
stress strain curve with the original stress-strain data. For fire-exposed material, modulus was 73
GPa and yield strength was 114 MPa. A 56% reduction in yield strength was observed. This is
comparable to results found in literature [60]. Summary of tensile testing is shown in Figure 41.
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Figure 40: Experimental setup with sample mounted and cameras for DIC measurements

Figure 41: Axial stress strain curve for as received and Fire-exposed samples
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Torsion
From the linear elastic portion of the stress-strain curve, torsional testing gives a shear modulus of
28 GPa with a yield stress of 163 MPa. Fire exposed sample showed a similar modulus of 27 GPa
with a reduction in yield stress to 103 MPa. Results from torsion testing are shown in Figure 42.
Multi-Axial Deformation
Data for multi-axial deformation tests is presented in terms of octahedral shear stress and
octahedral shear strain to account for both axial and torsional loading. Results for b = 15˚ and b =
30˚ tests are summarized in Figure 43 and Figure 44 respectively.
Discussion
Contours showing principal strain for tension, torsion, b = 15˚ and b = 30˚ are shown in Figure
and Figure. Tension data for vigin material showed some stress concentrations; contours from b =
15˚ tests for both as received and fire exposed samples reveal distortion in principal strain due to
added torque with concentrations developing above and beneath the sample gage mid-point.
Contour from torsion tests shows non-uniform strain distribution across a horizontal cross section
with a maximum along the center of the sample gage section as expected from the equations
discussed in the theory section. Data for all samples was extracted from a small region at the center
of the gage section. For combined loading tests, separate plots were made for the axial stress-strain
curve and the shear stress-strain curve. Yield points were determined by the 0.2 percent offset
method, so beta tests have yield values for both axial and shear stress. Yield strength in tension
progressively decreases moving from pure tension to beta 15 and beta 30 mechanical loading. A
summary of yielding conditions and comparison with behavior expected from Von Mises and
Tresca yield criteria is is shown in Figure 45.
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Figure 42: Shear stress strain curve for as received and Fire-exposed samples

Figure 43: Octahedral stress strain curve for as received and Fire-exposed samples from b
= 15˚ testing
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Figure 44: Octahedral stress strain curve for as received and Fire-exposed samples from b
= 30˚ testing

Figure 45: Summary of tensile and shear stress yield values for tests carried out
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Figure 46: Contours showing principal strain variations at maximum deformation for as
received material
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Figure 47: Contours showing principal strain variations at maximum deformation for fireexposed material
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Conclusions
Multiaxial deformation of solid solution hardened aluminum alloy AA5083 was investigated. DIC
allowed to quantify non-uniform strain distribution on sample surface for torsional and combined
loading measurements. Reduction in tensile properties due to fire damage is in line with previous
results with a strength loss of about 56%. From torsional data, yield strength reduced in shear by
37%. Behavior of fire exposed AA5083 is consistent, on a smaller scale, with as received material.
The AA5083 alloy generally displays lower strength compared to the AA6061 but presents
capacity for hardening after yield (especially for as received material) as seen from the stress-strain
curves. After fire exposure, both alloys degrade to a similar strength level. As received AA5083
is the alloy that is closest to behavior predicted by Von Mises or Tresca yield criteria. Fire damaged
samples deviate more significantly from the models. Comparing obtained results with behavior of
AA6061 it appears solid solution hardened AA5083 displays a more conventional response. This
study provides a broad framework for characterizing behavior of solid solution strengthened
structural alloy under complex loading with stress concentrations and the effect of fire damage on
the material response.
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CHAPTER 6: NEUTRON DIFFRACTION MEASUREMENTS OF FORGED TI-6A-4V
ALLOY UNDER TENSILE LOADING
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Abstract
In this study, the feasibility of employing neutron diffraction in a structural alloy with commercial
and military aircraft application is demonstrated. Macroscopic mechanical properties are
characterized by conventional techniques; these findings are compared to data given by neutron
and x-ray diffraction tools. The material used in this study is the forged Titanium alloy Ti64 (6%
Aluminum, 4% Vanadium). Time of Flight neutron diffraction allows for the determination of
multiple lattice specific Young’s moduli. The range of values was found to be 114 GPa to 138
GPa. Moduli of 118 GPa and 116 GPa were found from extensometry and digital imaging
correlation respectively. The (101) reflection is the reflection that best matches macroscopic
material behavior with a modulus of 117 GPa. Texture is an important consideration when
comparing micro and macro scale behavior; Texture from electron backscatter diffraction maps
revealed minimal texture for the material under study thus indicating the (101) plane suitably
reflect overall material behavior.
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Introduction
The purpose of this study is to demonstrate the validity of neutron diffraction to measure hkl
specific strains and their relationship with engineering strain measured using traditional methods.
The material investigated in this study, supplied by a commercial manufacturer, is a forged
titanium alloy Ti-6A-4V used in critical parts of powertrain in support of NAVAIR applications.
This study is part of a larger project where the goal is the ability to develop a non-destructive
inspection (NDI) system with a comparatively small footprint for bulk residual stress
measurements in turbo-machinery components outside of conventional laboratory settings. With
the significant improvement of laboratory based neutron sources with high flux, it is worth
exploring the possibility of a “portable” residual stress measurement instrument. Titanium is one
of the heaviest non-ferrous light metals. Due to its relatively light weight and high strength this
material finds use in a variety of fields ranging from military/commercial aircraft components and
additive manufacturing to medical applications and jewelry. Titanium in its pure form has a
hexagonal closed packed (hcp) structure. Above a transus temperature of 885˚C it undergoes an
allotropic transformation with its atoms arranging in a new body centered cubic (bcc) crystal
structure. The hcp structure is typically known as a phase while the bcc crystals constitute the
secondary b phase. The addition of alloying elements allows to alter the transus temperature and
stabilize b phase at room temperature. By controlling alloying agents and ageing process the ratio
of a to b phase can be determined, and mechanical properties are tailored to specific purposes.
The alloy of interest in this study is Ti-6Al-4V (Ti64) where aluminum stabilizes a phase while
vanadium stabilizes the b phase. The chemical composition of Ti64 is reported in Table 10 [98].
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Table 10: Chemical coposition of Titanium Alloy Ti-6Al-4V

Component
Al
Fe
O
Ti
V

Weight%
6
< 0.25
< 0.2
90
4

Ti64 is known as an a + b alloy where controlled amounts of b phase are generated and material
properties are further enhanced by aging at specific temperatures that lead to fine dispersion of
new a phase in the secondary b phase [3, 7]. Due to its light weight, high strength and excellent
corrosion resistance, Ti64 finds use in aerospace and marine industries among others [99-106].
Samples will be subjected to mechanical testing and insitu neutron diffraction measurements to
quantify mechanical properties and lattice specific response. Neutrons constitute a reliable tool to
investigate material mechanical response on a smaller scale; with the neutrons’ ability to penetrate
a few centimeters of most structural materials, neutron diffraction has been used extensively for
evaluating residual stresses and lattice plane response during mechanical loading [34, 64, 107,
108]. In a typical neutron diffraction instrument, the sample is placed in the path of monochromatic
neutron beam of wavelength l and the diffracted beam is recorded at the detector at a scattering
angle 2q. The interplanar spacing d can be calculated from Bragg’s equation, 2𝑑 sin 𝜃 = 𝜆. High
flux available allows for relatively quick diffraction data collection from individual reflections
however, for an hcp metal material it is common to have anisotropic properties depending on
crystal orientation. When investigating significantly anisotropic materials, it is most convenient to
use Time of Flight (TOF) measurements to simultaneously investigate response of multiple lattice
planes [108-111]. TOF measurements were carried out using pulsed neutrons from a spallation
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source. Time of origin of neutron pulses and distance travelled is precisely known; this means
velocity, hence energy and wavelength, can be calculated and using Bragg’s law for diffraction dspacing is obtained. Data from TOF measurements provides a d-spacing spectrum depending on
range of neutron energies available. The ability to integrate a load frame in the diffraction
instrument allows to monitor evolution of unit cell parameters and lattice specific strains during
mechanical loading. With the intention of validating TOF measurements, results will be compared
with data obtained by various techniques. Similar tests were carried out at a reactor-based neutron
diffractometer where, as previously mentioned, a high-flux monochromatic beam was used to
investigate lattice strain evolution. Data collection for titanium is time consuming because of its
negative scattering length [71]. The reflection providing the strongest scattering intensity was
selected for these measurements. Conventional extensometry is integrated in the VULCAN load
frame and data was be simultaneously collected during TOF experiments. Material behavior was
also monitored in a separate test by a dual-camera Digital Imaging Correlation (DIC) system.
Optical tracking of a random speckle pattern on the sample surface allows for full-field
displacement and strain measurement during mechanically induced deformation. Finally, X-ray
diffraction (XRD) was also used as a technique to measure lattice strains. Being unable to perform
insitu XRD with mechanical testing, lattice strains were thermally induced for x-ray
measurements. X-rays interact with the electron cloud instead of the nucleus. Data collection is
comparatively very fast but due to the low penetration depth of x-rays, only a thin layer of material
near the sample surface is probed. Comparison of data from this suite of techniques will help
validate residual tress measurements by neutron diffraction and provide insight regarding lattice
plane of choice for stress that would be representative of overall material behavior.
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Experimental Method
Sample Preparation
All samples were machined from a Ti64 block obtained from a commercial aircraft manufacturer.
Samples were machined with a cylindrical dog-bone shape and had threaded grips. Sample details
and dimensions are shown in Figure 48.
Mechanical Testing and DIC
An MTS load frame was used for mechanical testing with DIC. The sample surface was prepared
by spraying of a thin white layer and adding a black (for maximum contrast) random speckle
pattern. DIC system calibration was performed by acquiring multiple images of a grid of known
spacing with slight pitch, roll and yaw variations. This calibration allows the system to determine
relative camera positions in three-dimensional space and displacements of speckle pattern can be
tracked to determine displacements and strains. Tensile loading was carried out at a rate of 0.5
mm/min to a maximum deformation of 5 mm. Experimental setup with DIC cameras and closeup
of speckled sample is shown in Figure 49.

Figure 48: Sample schematics and dimensions
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Figure 49: (a) Speckle patttern on tensile teste sample (b) Experimental setup with DIC
system

TOF Measurements
TOF measurements were carried out at the VULCAN instrument of the Spallation Neutron Source
(SNS) at the Oak Ridge National Laboratory (ORNL). The VULCAN instrument is fitted with a
high-capacity precision stage with x, y, and z motion and rotation in the x-y plane. With a weight
capacity of up to 2000 kg, it is possible to perform complex experiments with auxiliary equipment
such as load frames or furnaces. Two detector banks are available with a 90˚ offset allowing for
simultaneous strain measurements along and normal to the diffraction vector. The neutron beam
size can be varied from a minimum of 2x2 mm2 to a maximum of 12x12 mm2 depending on
experimental requirements [112]. The VULCAN instrument with the installed load frame and a
sample closeup is shown in Figure 50. VULCAN experiments were carried out with the load frame
setup. Samples were loaded axially to a target stress of 750 MPa in 50 MPa steps. At each loading
step a complete diffraction spectrum was acquired from both detector banks. Data acquisition time
for each measurement was 30 minutes.
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Figure 50: (a) VULCAN instrument with mechanical testing system (b) closeup of sample
and grips

Thermal Neutrons (Reactor Source)
Neutron diffraction data was also acquired at the NRSF2 instrument of the High Flux Isotope
Reactor (HFIR) also at ORNL. At this instrument a flux of 3 x 107 n/cm2/s is available with
wavelengths ranging from 1.45 Å to 2.67 Å. The detector has a range of 70˚ to 110˚ for scattered
neutrons. NRSF2 has a large precision stage capable of horizontal motion in x and y as well as
rotation in the same plane [113]. A custom-built load frame [114] for mechanical testing was
placed on this stage and with an auxiliary z elevator the load frame was raised to the height of the
incoming neutron beam. The design of the load frame is such that it can grip the sample without
interfering with the beam path. The load frame is aligned such that the sample bisects the incident
and diffracted beam thus d-spacing changes are measured along the tensile axis. Load frame on
the stage and close up of mounted sample is shown in Figure 51. At the residual stress
diffractometer, a monochromatic neutron beam is generated by way of a tunable monochromator
and suitable reflection is chosen by positioning the detector at a suitable scattering angle. For these
measurements the (101) reflection was chosen and the detector was placed at a 2q of 73˚.
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Figure 51: (a) Load frame on NRSF2 stage (b) close up of mounted sample with incident
and diffracted slits

X-Ray Diffraction
X-ray diffraction experiments were carried out using a Panalytical Empyrean diffractometer [115].
It is a grazing incidence powder diffraction instrument with the capability to perform high
temperature measurements in air or vacuum. These measurements are made possible by the
addition of a furnace module (Figure 52). A Ti64 sample 15 x 11 mm2 dimensions was polished
to a high-quality finish before acquiring data. The sample was placed in a vacuum and
measurements were taken at 25˚ C intervals up to a temperature of 1100 ˚C.
Results
Mechanical Testing and DIC
Tensile loading test on the MTS load frame with DIC consisted of a series of load/unload cycles;
strain along the sample gage section was found to be uniform throughout the tensile test duration
as shown in Figure 53. From the linear elastic portion of the stress strain curve, Young’s modulus
E was found to be 116 GPa.
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Figure 52: XRD instrument with sample and furnace details

Figure 53: Plot showing uniform principal stress at various stages of tensile loading
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TOF Measurements
Raw data from TOF measurements was normalized and peaks were fitted to each set of diffraction
measurements. Example data from a detector bank is shown in Figure 54(a). Compiling peak
positions (hence d-spacings) for each reflection from each data set allows to measure reflection
specific strains. Shift of (101) through loading path is shown in Figure 54(b).
Thermal Neutrons
Tensile testing at NRSF2 consisted of an elastic load/unload/load and hold cycle. Axial stress was
increased in 25 MPa steps to a maximum axial stress of 650 MPa. The Young’s modulus associated
with the (101) reflection was found to be E101 = 117 GPa. After second load to target stress, load
was maintained for approximately 5 hours. No noticeable creep was observed.
X-Ray Diffraction
Similarly to TOF measurements, a complete spectrum with multiple reflection is simultaneously
acquired. At temperatures above 550 ˚C new peaks began forming. It was not clear what the nature
of these peaks was. Due to the heating element in the furnace module, oxygen was being released
leading to formation of oxidation layers on the sample surface [116]. Data up to 525 ˚C was used
to determine lattice specific coefficients of thermal expansion (CTE) as summarized in Table 11.
Example of peak evolution for three reflections is shown in Figure 55.
Discussion
From the VULCAN extensometer, Young’s modulus E was found to be 118 GPa and DIC data
showed similar results with a Youngs’s modulus value of 116 GPa (Figure 56); these results
quantify macroscopic material properties.
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Figure 54: (a) Example data from detector bank 1 at 255 MPa (b) visual representation of
increasing d spacing with increasing axial load for (101) reflection

Table 11: Summary of coefficients of thermal expansion
hkl
(100)
(002)
(101)
(102)
(110)

CTE µm/m ˚C-1
10.9
11.9
11.1
11.5
10.9
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Figure 55: Detail on evolution of lattices spacings with temperature

Figure 56: Comparison of Young's modulus obtained from extensometry and DIC
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Evolution of individual lattice strains from TOF measurements reveals material’s anisotropic
behavior. The (101) plane from VULCAN and NRSF2 measurements was the one that yielded
results closest to the ones obtained by extensometry and DIC (Figure 57). The stiffest plane was
the (002) plane while (110) was the most compliant as shown in Figure 58. The modulus found by
macroscopic techniques falls between the largest and smallest values determined with Time of
Flight. It is however important to consider material texture when evaluating obtained results.
Taking tensile loading as an example, if a strong texture is present, the bulk material will take on
the characteristic of the family of planes aligned along the loading direction. Electron Backscatter
Diffraction (EBSD) maps revealed some amounts of texture (Figure 59); the (101) plane can be
considered to be representative of macro-mechanical material properties for samples machined
from this particular forged alloy. In Table 12, results obtained in this study (last row) are compared
with stiffnesses reported in literature for similar alloys. These values were determined by various
techniques such as nanoindentation, x-ray, and neutron diffraction.

Conclusions
Validity of stress measurements by neutron diffraction was demonstrated by comparison with
conventional techniques for determination of macro-mechanical properties. A forged Ti64 alloy
with structural aircraft applications was used for this study. Extensometry and DIC measurements
showed a Young’s modulus of 116 – 118 GPa. Neutron diffraction measurements show lattice
specific elastic constants ranging from 114 – 138 GPa. The (101) plane closely matches macromechanical data. Texture is an important consideration when dealing with an anisotropic material.
Varying texture can lead to significantly different performance by samples made out of the same
material. EBSD mapping revealed presence of some texture for the source material used in this
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study. For Ti64 manufactured according to the steps followed for the forged alloy herein provided,
the (101) reflection is prototypical of overall material behavior.
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Figure 57: Comparison of Young's modulus for (101) reflection from VULCAN and
NRSF2

Figure 58: Summary of lattice specific elastic constants from VULCAN measurements
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Figure 59: EBSD map and pole figures for Ti64 sample. Loading axis lies along z

Table 12: Bulk and lattice specific Young's modulus for Ti64, Ti IMI 834, and
Commercially Pure (CP) Titanium

Alloy
Ti64 annealed
[117]
Ti IMI 834 [118]
Ti64 [119]
CP Titanium [120]
Ti64 [121]
Ti64 forged

Macroscopic
110-114
119.4
86.1
116-118

Ehkl [GPa]
(001) (110) (100) (201) (101) (112)
-

-

-

96
96
119.9 114.1 109.7
137
105
105
137.8 114 114.8

(102)

-

-

-

-

93
106
-

-

106
-

106
126.6

98.7
118.1
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CHAPTER 7: IMAGING BASED DETECTOR WITH EFFICIENT SCINTILLATORS
FOR NEUTRON DIFFRACTION
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This chapter is based on a paper submitted at the 11th World Conference on Neutron
Radiography: Matt W. Seals, Stephen B. Puplampu, Dayakar Penumadu, Richard A. Riede, Jeff
R. Bunn, Christopher M. Fancher. “Imaging Based Detector with Efficient Scintillators for
Neutron Diffraction Measurements”
My contributions include experiment planning, building of components, data acquisition, part of
data processing and writing aspects concerned with diffraction.

Abstract
The Anger Camera developed by the detector group at the Oak Ridge National Laboratory was
utilized for the present work for its unique advantage of employing multiple modules to obtain
large active measurement area for detecting diffracted/scattered thermal neutrons. Considering the
relatively small flux associated with diffracted/scattered neutrons, suitable efficiency with high
spatial resolution is a requirement for utilizing two-dimensional imaging detectors. The potential
to implement pulse shape (in addition to pulse height) discrimination-based scintillators further
enhances the ability to detect diffracted neutrons with improved signal to noise ratio. In this paper,
initial results associated with 6Li glass-based scintillator will be presented. The authors explored
the feasibility of using this system to detect and quantify diffraction peaks and peak shifts at the
Neutron Residual Stress Facility (NRSF2), High Flux Isotope Reactor (HFIR) in the Oak Ridge
National Laboratory (ORNL). Suitable camera mounting and shielding had to be developed.
Reference measurements using polycrystalline powders with known atomic planar spacing will be
discussed along with measurement settings associated with expected resolution for peak shift
measurements. Initial results are promising and demonstrate that a suitable scintillation-based
neutron detecting system is viable for residual stress-based diffraction measurements. Small area
detectors are also feasible with suitable consideration to scattering volume and distance to detector.
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Introduction
Anger camera is a variant within the CCD imaging family that allows for fast read-out of large
multi-anode photo-multiplier tubes [122-124]. Instead of approaching the issue of readout by
establishing a channel for each anode, Anger camera reduces the entire output of the PMT down
to four channels allowing for fast data acquisition over the entire photo-sensitive area in real-time.
The method by which this is performed is by injecting the output signal of the PMT onto a resistive
network when a particle is incident on the scintillator of the PMT as depicted in Figure 60. The
resistive network is what performs the Anger logic; the position of incidence of a particle on the
scintillator can be obtained by the output of the PMT onto the network. Any response from the
PMT results in a response at the four outputs of the network in the form of a voltage. These four
voltages, 𝑉f , 𝑉§ , 𝑉¨ , 𝑎𝑛𝑑 𝑉1 can be used to determine the location of incidence as a coordinate pair
(X, Y) via the formulae Eq. 20 and Eq. 21:
𝑋ª0«¬2¬0O =

(𝑉f + 𝑉§ ) − (𝑉1 + 𝑉¨ )
𝑉f + 𝑉§ + 𝑉¨ + 𝑉1

Eq. 20

𝑌ª0«¬2¬0O =

(𝑉f + 𝑉¨ ) − (𝑉1 + 𝑉§ )
𝑉f + 𝑉§ + 𝑉¨ + 𝑉1

Eq. 21

Figure 60: 4x4 Anger logic resistive network
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The scintillating material used in this study is a 6Li glass scintillator which has found extensive
use in the field of neutron detection [125-127]. Other neutron detection methods lack spatial
resolution, and many are by default one dimensional only looking at the number of neutrons that
interact with the detector about the vertical channels since the study of neutron diffraction is
primarily concerned with the angle at which the bulk of neutrons are diffracting. Typically, the
detector type used is the helium-3 tube which is large with a facing size of up to an inch or more
in diameter per anode. This results in quite low spatial resolution and a large form-factor. The
Anger camera allows for quite high spatial resolution since it incorporates as many as 1024 anodes
into a 116 mm by116 mm area. In this study, authors seek to implement an Anger camera in
diffraction mode for residual stress measurements. Steps towards this implementation require
ability to achieve precise, repeatable angular motion and positioning. Furthermore, pulse shape
discrimination provides significant assistance in noise reduction however appropriate shielding is
still necessary for diffraction. Instrument calibration is also needed to correctly process acquired
data. Typically, calibration requires alignment scans in the diffraction plane and acquisition of
diffraction peaks from well-known standard powders; additional considerations have to account
for the geometry of the detector being a flat surface moving along an arc.
Experimental Method
To set up and operate the Anger camera at the NRSF2 instrument, additional components had to
be put together to ensure accuracy and repeatability of measurements. A stage for the anger camera
was secured to the side of the NRSF2 detector; a rotational degree of freedom on the mounted
stage, allows the camera to be precisely pointed at the diffracting sample. In addition, the height
was carefully adjusted to make sure the detector lied in the horizontal plane of the incident beam.
Shielding was another significant component; its purpose is to prevent background radiation from
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striking the detector and ensuring the Anger camera only “sees” the sample on the NRSF2 stage.
Shielding schematics are shown in Figure 61. Due to special constrains and the operating distance
of the camera from the diffracting sample, shielding could not be implemented as a single snout
going from the detector to the sample; as a solution, shielding was split into two parts such that
the overall effect reproduces the effect of a single snout. The Anger camera was connected to and
integrated with the NRSF2 control workstation. This enabled us to control both instruments from
one computer. Reference data is obtained from the main instrument then, having a set angular
offset between the Anger camera and the NRSF2 detector, the main detector is driven to a position
such that the Anger camera can record the same peak.
Results
Imaging data collected using Anger camera comes in the form of raw binary packets consisting of
262144 or 65536 16-bit integer values, depending on the number of PMT’s utilized. Using a full
4-array of PMT’s results in a 512x512 image as shown in Figure 62(a). The processing of the data
involves converting the raw pixel array into a 16-bit image using the Python Imaging Library. The
data is then integrated vertically such that if the image pixels are expressed in row-column format
as 𝐼(𝑀, 𝑁) then the value for each channel according to Eq. 22 will be:
𝑵

𝒀𝑵 = M 𝑰(𝒎, 𝒊) 𝒘𝒉𝒆𝒓𝒆 𝒎 ∈ 𝑴

Eq. 22

𝒊Y𝟎

Where 𝑌º indicates the number of neutrons counted on a channel as a result of the vertical sum of
the pixels on that channel. Figure 62(a) was processed to obtain the plot shown in Figure 62(b)
where a Gaussian peak fit is implemented. Peak information such as Signal to Noise Ratio (SNR)
and full-width-at-half-max (FWHM) describe the performance of the camera in combination with
different scintillators while looking at neutron scattering from reference samples.
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Figure 61: Schematic representation and actual pictures of shielding components and
camera mounted on NRSF2 detector

(a)

(b)

Figure 62: (a) example heat-map image from Anger camera depicting two peaks; colormap
shows counts per pixel over image acquisition time (b) Fitted vertical integration

129

All acquired images were normalized to remove noise due to background and detector intensity
variations. Dark current (recording data with the shutter closed) and open beam images (recording
data with open shutter and vanadium incoherent scatterer in place of the sample) were recorded
and used for the normalization process. Images were normalized according to Eq. 23 where IRAW
is the intensity of the recorded image, IDC is the intensity of the dark field image and IOPEN is the
intensity of the open beam image.
𝐼»8¼ =

𝐼»8¼ − 𝐼~½
𝐼}¾¿º − 𝐼~½

Eq. 23

Initial measurements consisted of standard powder samples diffraction peaks. These samples are
used the NRSF2 instrument calibration at the beginning of each cycle. Single peaks were acquired
for Body Centered Cubic Iron, Germanium, Nickel and Inconel samples. Count time was 60
seconds for each measurement. Example normalized images are shown in Figure 63 with
superimposed intensity vs. channel plot obtained from vertical image integration.

Figure 63: Normalized two-dimensional imaging of diffraction peaks with superimposed
intensity plot
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Discussion
Diffraction peaks were selected for 2q values as close to 90˚ as possible; for quantification of these
measurements, curvature was neglected and, subsequent to normalization, raw intensity was
obtained by vertical image integration. To determine detector resolution, a 2q sweep using an
Inconel powder sample was performed. During this set of scans, two peaks swept across the
detector. All obtained images were integrated and peak positions within the field of view of the
camera were determined by the channel number. The channel number peak positions are then
plotted versus angular 2q position as shown in Figure 64 and the slope yields the channel per
degree value giving an idea of what the spatial resolution of the detector is for the given operating
sample to detector distance. For the operating distance of 750mm, the Anger camera was found to
have an approximate resolution of 57 pixels per degree.

Figure 64: Peak position (channel) vs. 2q position
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Conclusions
Integration of the Anger camera in a diffraction instrument was successful. Development and
implementation of shielding was part of the study and performed as intended (system performance
without shielding was not investigated). For portable applications, a smaller footprint would be
desirable however shielding dimensions are geometrically determined by sample to detector
distance. Overall the Anger camera proved to be a viable instrument for neutron diffraction
measurements. The results show a high degree of 2-D spatial resolution and for the working
distance of 750 mm the Anger camera was found to cover a 2q range of approximately 8˚. Future
work will be aimed at evaluating the possibility of using the Anger camera for residual strain
measurements; it will be critical to determine the magnitude of the strain change that can be
determined by processing the two-dimensional images recorded by the Anger camera and
successfully resolving shifts in peak position.
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CHAPTER 8: CONCLUSIONS
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A suite of techniques for structural metal microstructural characterization, mechanical property
evaluation and fire damage assessment was developed making use of mostly non-invasive
methods. The use of digital imaging correlation during mechanical testing provided strain data for
axial, torsional and combined axial/torsional loading as well as torsional loading. Where torsion is
involved, DIC reveals effects of shape on non-uniform stress/strain distribution. The common
understanding of material mechanical properties was further advanced by employment of
advanced techniques providing insight in the microstructural behavior of structural materials
whose properties are traditionally assessed by macroscale tests. In situ neutron diffraction grants
access to the lattice specific response to mechanical loading; comparison with fire-exposed
specimen alongside analysis of microstructure development by EBSD imaging provides clearer
understanding for the modes and causes of strength loss through microstructure and texture
analysis. The AA6061 and AA5083 aluminum alloys under study are representative of
polycrystalline face centered cubic structural alloys that find use in various fields, specifically
naval and aero-space applications. These alloys have different alloying elements relying on
fundamentally different strengthening mechanisms. AA6061 is a precipitation hardened alloy
while AA5083 is strengthened by solid solution hardening. Investigating and comparing these
alloys allowed evaluation of effect of strengthening mechanisms on multiaxial deformation
behavior and mechanical property degradation. AA6061 experienced up to 70% reduction in axial
(from 300 to 90 MPa) and shear yield strength (from 255 to 86 MPa) subsequent to fire exposure.
DIC successfully captured non-uniform stress/strain distribution during torsion and multiaxial
loading. Fire exposed samples showed no significant reduction in axial yield stress compared to
pure tensile loading. Due to sample shape and uneven stress distribution, yield criteria do not
accurately predict yield for complex loading solely based on axial yield stress. Solid solution
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hardened aluminum alloy AA5083, saw a 56% reduction in axial yield stress going from 261 MPa
for as received material to 114 MPa for samples exposed to fire at 400˚C; yield shear stress reduced
from 163 MPa to 103 MPa after fire damage. As received AA5083 is the alloy that is closest to
behavior predicted by Von Mises or Tresca yield criteria. Fire damaged samples deviate more
significantly from the models. Comparing obtained results with behavior of AA6061 it appears
solid solution hardened AA5083 displays a more conventional response.
Insitu neutron measurements during continuous axial deformation were carried out on sets of as
received and fire-exposed samples for both AA6061 and AA5083 alloys. Measurements on
AA6061 confirmed yield strength reduction from conventional testing. Neutron diffraction
measurements taken during heating of AA6061 sample from room temperature to 500˚C show the
(311) reflection maintains a liner relationship with temperature as opposed to other reflections
where thermal expansion data becomes noisy in the temperature range corresponding to
recrystallization. This reveals preferred precipitate orientation with the (311) plane being
unaffected during precipitate evolution. (220) and (400) reflections see the largest stiffness
reduction with fire damage showing they are strongly affected by loss of precipitate strengthening.
Insitu neutron measurements for the AA5083 alloy also confirm yield strength reduction with fire
exposure. Dynamic strain aging, captured for the (311) reflection during in situ measurements,
disappeared after subjecting to fire damage with samples exposed to 400˚C. High frequency data
for stress versus lattice strain curves showed detailed transition from elastic to plastic regions of
the stress-strain curve. In fire-exposed specimen the (400) plane was the first to deviate from linear
behavior. Observed plastic anisotropy (broadening in stress strain curves) during plasticity
evolution is likely due to fewer dislocations and coarsening of strengthening magnesium phases
allowing lattice rotations and strain redistribution. Microstructure analysis shows fire-exposure
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affects grain morphology creating a more equiaxed grain structure and a randomized texture while
mechanical loading and plastic deformation lead to a refined grain structure and a preferred texture.
Neutron diffraction was a useful tool in investigating mechanical properties; Validity of neutron
diffraction for stress measurements was demonstrated by extending these techniques to the
investigation of an hcp based forged Ti64 alloy with applications in the aerospace industry.
Extensometry and DIC measurements showed a Young’s modulus of 116 – 118 GPa. Neutron
diffraction measurements show lattice specific elastic constants ranging from 114 – 138 GPa. The
(101) plane closely matches macro-mechanical data. Texture is an important consideration when
dealing with an anisotropic material. Varying texture can lead to significantly different
performance by samples made out of the same material. EBSD mapping revealed presence of some
texture for the source material used in this study. For Ti64 manufactured according to the steps
followed for the forged alloy herein provided, the (101) reflection is prototypical of overall
material behavior. In the context of naval structures operating in the field, a portable neutron source
could be critical to rapidly assess damage in structural components. Taking steps towards
developing a compact non-reactor-based diffraction instrument, a two-dimensional position
sensitive scintillating detector was integrated at a residual stress measurement instrument to
demonstrate feasibility of using such detector in diffraction mode. The ANGER logic camera was
successfully integrated at the NRSF2 instrument, alongside design and building of shielding
components, and diffraction peaks were recorded.
The development of these techniques and interpreting how obtained data from different tests
complements each other, grants improved knowledge of overall material properties and behavior.
In addition, through these studies and with the development of unique test designs, the opportunity
arises to apply known testing methods to newly developed structural materials with applications
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varying from marine and aircraft vessels to the medical fields of implants. With the combination
of these studies, the aim is to improve rapid damage assessment capabilities for situations where
urgent assessment of structural damage may be required. Obtained data will also be used as a
contribution to the enhancement of models for simulations and material behavior prediction.
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